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FOREWORD

This final technical engineering report documents all effort and results
relative to Contract AF 04(611)-11603, 'Demonstration of 156 Inch Motor with
Segmented Fiberglass Case and Ablative Nozzle. " The program motor, designated
by the Air Force as the 156-8 rocket motor, was identified as the TU-312L. 02
motor for internal processing at Thiokol.

The contract with Thiokol Chemical Corporation, Wasatch Division, was
funded by SAMSO and performed under the overall direction of Captain Richard
Neely (RPMMS), Solid Rocket Division of the Air Force Rocket Propulsion
Laboratory, Directorate of Laboratories (DOL), Air Force Systems Command,
Edwards AFB, California.

The report is organized into two volumes. Volume I describes the motor
design and fabrication, and Volume II covers the motor static test and hydroburst.
This document contains no classified information extracted from other documents.

This document has been reviewed and approved.

Charles R. Cooke
Chief Solid Rocket Division
AFRPL, Edwards, California

iii

IR

o

i




ads |

U)

(U)

PFECEDING PAGE BLANK-NOT FIIMED

ABSTRACT

The 156-8 thotor program, Demonstration of 156 Inch Motor with Segmented
Fiberglass Case and Fixed Ablative Nozzle, was conducted by Wasatch Division,
Thiokol Chemical Cprporation for the Air Force Space and Missile Systems organi-
zation. The program was under the technical direction of the Air Force Rocket
Propulsion Laboratory. ¥ The primary objectives of the program were to successfully
static test fire the rocket motor followed by a hydroburst test of the fiberglass case.
These objectives were attained. The 156-8 motor was static test fired 25 Jun 1968
and all systems performed satisfactorily. This test successfully demonstrated the
segmented fiberglass case design and the jeint seal design. All motor and nozzle
components were intact and in good condition at the completion of the test. The
motor operated at very close to the predicted ballistic values. Post-test inspection
of the motor and comp;)nents disclosed that the internal insulation, nozzle design,
and joint seal design were satisfactory and the nozzle performed as predicted.
Inadequacies in the CG;t quench system permitted some charring through of the
insulation in the forward dome which necessitated repair prior to the hydroburst

test on 8 Aug 1968. Burst occurred at 1, 095 psi, initiating in a heat affected area

of the forward segment.

iv

PR

e




PFECEDING PAGE BLANK-NOT FIIMED
E
TABLE OF CONTENTS
Page
I INTRODUCTION AND SUMMARY. . ...... e et e e 1
A. Introduction ......c¢.0u e et s et . 1
B, Summary .. ..o 0 i ittt i i s i i e e e 3
o CASE DESIGN, FABRICATION ANDREPAIR . .......... 9
A, Case Design Summary ............co.oviun... . 9
1. DesignCriteria . .. .. ... ... .. ... ..., 9
2. Structural Analysis ............ ... 10
B. Case Fabrication................ ... . ... ... 26
1. Case Fabricationat Vendor . .. .............. 26
2. TForward Skirt Replacement . . . . ... .......... 31
C. CaseRepair ... ... . ... ity 34 ;
1. Bladder Replacement ... .................. 34 1
2. Damageddoint............0vveivunueeen.. 43 3
3. Aft Skirt Repair ........ ... 48
1 JOINT SEAL DESIGN AND FABRICATION AND TESTING... 61 3
A, DesignCriteria ............ .. . 0., 61
B, Design.......c.oiuii et r e tnanesas 61
1. Material Selection . .......... .. ..o v 63
2. Structural Analysis ............. ... ... .. 63
3. Thermal Analvsis ..... e et e s e e 67
C. Subscale Joint Development . .................. 67
1. SubscaleSeal Design ..................... 67
2. Subscale Fabrication ..................... 71
3. Subscale Testing and Data Analysis ........... 72
v INSULATION . . . .ottt i i s e e e e e e e e e 78
A, Design . ... ... i e 78
1. DesignCriteria . .. .......... ... ...... 78
2. Material Selection . ................. . ..., 78
3. InsulationDetails................. . ..o.v... 79
4. Forward Dome Insulation .................. 79
5. Aft Dome Insulation ...................... 84
6. JointInsulation ............. ... ... 84
7. DesignDetails .. ... ..o it er e 85
v 4
]




P

VI

VII

PFECEDING PAGE BLANK.NOT FIIMED

TABLE OF CONTENTS (Cont)

Page
B, Fabrication ........ .. ... ... i, 98
1. JointInsulation ... ............. ... ... 98
2. DomeInsulation. ........................ 112
JOINT SEAL AND BLADDER HYDROTEST . ............ 126
A, TestObjectives . ... ... ... . .. 126
B. Test Configuration . . .. ........ .. ... ......... 126
C. Test Procedures . .. .. ... ..o i i, 128
D. Test Results . . . . .. i ittt it i it e e et e e e 138
E. Conclusions ....... ...t iiieneennn 145
LINER AND BONDING MATERIAL DESIGN AND
FABRICATION . ... ittt ittt e et e e e ee 147
A, Bonding Materials .. .. ... ... .. ... . ... 147
B. LinerDesign........... . it 150
C. Liner and Bonding Material Verification Testing . . .. .. 153
D, Liner Application ............. ... ... ... ... 172
GRAIN DESIGN AND FABRICATION . .. .............. 173
A, GrainDesign........ ... i, 173
B. Designed Motor Performance .................. 175
C. Propellant . .. .. .. it it i e e e 176
1. SelectionCriteria ......... ... .. .. .. ..., 176
2. Ballistic and Performance Properties . . ........ 188
3. Standardization ............. ... .. ., 188
4. Analysis of Defect Repairs . ................ 190
D. GrainStress Analysis . ........ .00t 192
E. Loaded Segment Fabrication ................... 204
F. Mass Properties Summary and Analysis . .......... 212
FORWARD SEGMENT CASTINGPROBLEM ............ 224
A, CastingProblem . .. .... .0t it itenueennn 224
B. Inspection........ ittt inenennn 226
C. Testing. . . v v v it ittt it it i e i et et ti e ae o 230
D. Propellant Removal ... .... ... ... 0. 231
E., RecastingandCure ... ......¢ciiv i eennnn 2492

et




IX

- - -

PFECEDING PAGE BLANK~-NOT FIIMED

TABLE OF CONTENTS (Cont)

IGNITION SYSTEM DESIGN AND FABRICATION ... ......

A, Ignition System Design ... ....... ... ... .......
1. Safety and Arming (S & A) Device . .. .. ........
2, Initiating System . ... ... ... ... .. ... . ...
3. Booster PyrogenlIgniter . ..................
4. Adapter . ... ... ... e e e
B. Igniter Ballistic Design and Motor Ignition
Transient . . . . .. . i i e e
C. IgniterInsulationDesign................ ... ...
1. Case Internal Insulation ...................
2. Case External Insulation...................
3. Igniter CapInsulation............... ... ....
Ignition Weight Analysis .. .. ..................
Ignition System Propellant ....................
Ignition System Structural Analysis ..............
Igniter Fabrication, Assembly and Installation .. ... ..
Igniter System Functional Verification (Bench Test). . ..

HoHEy

NOZZLE DESIGN AND FABRICATION. . .. ............

Nozzle Design Summary . ... ... ... ... o0
Nozzle Fabrication . ............. ... ... ... ....
Nozzle Performance Analysis ..................
Nozzle Inspection .. .... ... ... e,

vow >

MOTOR TRANSPORTATION . ... .. ...

A, Manufacturing Tooling . .. ... ... . i
1. HandlingHarness.......... .0,

2. Insulation Fabrication Tooling ... ............

3. CastingTooling . ... ... ...,

4. Igniter Fabrication Tooling . ................

5. Nozzle Handling Tooling . ..................
B, TestTooling . .......o i iiinnneennnn.,
1. StaticTestStand .......... ... ...,
2. Hydrotest Fixture ............... ... .....

vii




Figure

10
11
12
13
14
15
16
17

18

LIST OF ILLUSTRATICNS

156-8 Motor Layout Drawing . ........
156-8 Forward Segment . ...........
156-8 Center Segment .............

156-8 Aft Segment . .. .............

* o e o 6 s e o o s e e .

-------------

.............

156-8 Case in Hydrotest Stand, Pressure Pump

Trucks in Background .............

CG Locations for Loaded Segments . . . ..

.............

Skirt Mandrel at Start of Polar Winding Sequence ........

Application of Third Polar Winding Layer

Application of FiberglassMat ........
Shim Placement .................
Skirt Installation .. ...............
Skirt Placement on Segment .........

Bladder and Loose Glass Removal .....

-------------

.............

.............

.............

.............

.............

Removal of Buna-N Strips from Joint Areas . . ..........

Adhesion Test Arrangement .........
Replacement Bladder Partially Installed .

Vacuum Bag Installation Over Bladder. . .

Relative Deflections for Clevis Leg Shims

viii

.............

.............

.............

ooooooooooooo

13

14

15

20

23

27

27

28

29

30

33

35

36

38

40

41

44

i




Figure
19

20

28
29
30
31
32
33

34

36

>4 —

PRECEDING PAGE BLANK-NOT FILMED

LIST OF ILLUSTRATIONS (Cont)

156-8 Damaged Clevis Legs. . . . . . . .« ot it it i v oo
Results of Finite Element Analysis . ... ..............
Stress SUMmAary . ... .. it i e e
Motor Support Schematic. .. ... ... ... ... ... ... ...
Skirt Unbond Location .. ........................
Static Reaction Loads . . . ... .... ... ... ... ......
Deflectionsand Loads .. .. ......... ... ..........
Sandingof Case . .. . ... .. ... . .. . ...
Wrappingof Glass Cloth . .. .. ....... ... ... ... ....
dJointDetail . . . ... ... ... ... . . L
Displacements for the 156-8 Motor Seal . ............
Subscale Test Assembly Design . ..................
Displacements for Subscale Seal . ..................
Female JointInsulation. . . . .. ... ... ... ... ... ...
Female Joint with Seal Installed . ..................

D001 Extensometer Trace, Test No. 1,
First Pressurization . .. .. ... ... i

D002 Extensometer Trace, Test No. 1,
First Pressurization . .. .. ... .. i i i it it e e e

Male Joint . . . . . 0 i e e e e e

49

50

51

52

53

57

59

62

66

68

70

74

76

76

71




o i

Figure

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

— -

PFECEDING PAGE BLANK.NOT FILMED

LIST OF ILLUSTRATIONS (Cont)

Predicted Erosion Rate vs Mach Number in 156-8
Motor Compared with Measured Erosion of V-44
Insulation in Other Large Motors . .. ................

Predicted Erosion Rate of Silica Cloth Phenolic as a
Function of Heat Transfer Coefficient . . ... ... ........

Predicted Mach Flow and Heat Coefficient Through
Aft Dome . . . . . . e e e

156-8 Insulation Design Thickness .. ................

156-8 Rocket Motor Polar Boss and Insulation
Ring Assembly . ....... ... ... .. . .. . ..

Silica Cloth Erosion Rate vs Total Heat Flux ... ........

V-44 Erosion Rate vs Convective Heat Transfer
Coefficient . . ... . v i it i e e e e e e e

156-8 Rocket Motor Aft Dome Total Heat Flux
Variationon Silica Cloth . . . .. ... ... .. .. .. . ... ....

156-8 Rocket Motor Aft Dome Heat Transfer Coefficient
Variation on Asbestos Filled NBR .. ................

Predicted Material Loss Profile in Insulation Ring .. ... ..

156-8 Rocket Motor Predicted Insulation Weight
LossvsTime .. ... ... ... .0,

Joint Insulation Contour Sweep Template . . ... .........
Layup of Joint Insulation ........................
Rolling and Stitching V-44 Sheets for Laminate .........

Insulation Thermocouple Location , .., ...............

86

87

88

89

91

92

93

94

95

96




Figure

52

60

61

62

63

64

65

66

67

68

69

70

71

- -
o -—

PRECEDING PAGE BLANK~-NOT FIIMED

e e m - ~ - - . [ER—.

LIST OF ILLUSTRATIONS (Cont)

Page
Insulation Cure Cyele . .. .. .. ... v i n.. 106
Application of UF-1149 to Insulationand Case .. ........ 108
Installation of Vacuum Bag . .. .................... 109
Machining Insulation Joint . . .. .. .. .. ... ... .. ..., 111
Routing Insulation Joint . . . . . ... .. .. . ... ... .. 111
Machining OD of Silica Cloth Phenolic Insulation Ring . .. .. 113
Machining ID of Silica Cloth Phenolic Insulation Ring . . .. .. 114
Completed Silica Cloth Phenolic Insulation Ring . .. ...... 115
Sweep Template for Forward Dome Contour . . .. ........ 118
Sweep of Plaster Mold for Forward Dome Insulation .. .. .. 118
Dome Sectioning Patterns . . ... ... .. ... ... ... ... 119
Headend Insulation Cure Cycle . . . .. ... ... .......... 121
Removal of Insulation fromMold . .................. 122
Aft Dome Cure Cycle . . ... .. i it it ii it e et 123
156-8 Hydrotest Assembly. . . ... ....... ... . ..... 127
156-8 Instrumentation Installation .................. 129
Hydrostatic Test Stand . ... .................... . 130
|
Portable Primer Pumping Unit ... .. // ............... 131
Lowering Forward Segment into Place / ............... 133
156-8 Joint Potting .. ......... /j ................ 134




72
73
74
75
76
17
78
79
80
g1

82

83

84

86
87
88
89

90

B,
e -

PFECEDING PAGE BLANK.NOT FIIMED

LIST OF ILLUSTRATIONS (Cont)

Lowering Center Segment into Place . .. ..............
Aft Closure, Thrust Piston, and Overhead Structure .. .. ..
156-8 Case Hydrotest Pressure Trace ...............
Defect in Bladder ... ................. e e e
Gage Locations . .. .. .. .. .. ... . e
Forward Joint Deflections . . . ... .. .. .. ... .........
Aft Joint Deflection . . .. ... ... ... ... ... ......
Skirt Deflections . . ... ... ... ... 0.,
Case Deflections . ... .. .... ... ... ... ... ... ...
Bond Test Apparatus Connected to Specimen. . .. ........

Apparatus for Testing Tenshear Plates Bonded
INIS6-8Case . . .. ..o ittt ittt i e e e e

Tenshear Test Apparatus . .......................
180 Deg Peel Test Specimen and Arrangement . ........
156-8 Predicted Chamber Pressure at 70°F . . .. .. .... ..
156-8 Predicted Chamber Pressure at 100°F . .. .. .. .. ..
156-8 Predicted Vacuum Thrust at 70°F ... ... ........
156-8 Predicted Vacuum Thrust at 100°F ... ........ ..
156-8 Predicted Vacuum Specific Impulse at 70-100°F . . . ..

156-8 Predicted Pressure Decay Rate at 70°F. . . . . .. .. ..

xii

i




Figure

91
92
93

94

95

96
97
98
99
100
101
102
103
104
105
106
107
108

109

PFECEDING PAGE BLANK-NOT FIIMED

LIST OF ILLUSTRATIONS (Cont)

Page

156-8 Predicted Pressure Decay Rate at 100°F ... ... ... 185
156-8 Predicted Vacuum Thrust Decay Rate at 70°F ... ... 186
156-8 Predicted Vacuum Thrust Decay Ratc at 100°F. . . . .. 187
Stress Analysis Grid Boundary of 156-8 Center

Segment (Half Grain) . ............ ... ... ......... 195
Stress Analysis Grid Boundary of 156-8 Dome Segment

Grain . ... e e e e e 195
Deformation of 156-8 Center Grain at 60°F .. .......... 196
Deformation of 156-8 Forward Dome Grain at 60°F . . ... .. 197
Deformation of 156-8 Center Grain at 750 psi . .. ........ 199
Deformation of 156-8 Forward Dome Grain at 750 psi . .. .. 200
Failure Criteria for 156-8 Grains. . ... .............. 201
600 Gal. Mixer (View A) . . . .. ... .. it it i .. 205
600 Gal. Mixer (View B) . . . .. ... ... .. i ... 206
600 Gal. Mix Bowl Dump Station. . ... ............... 207
Propellant Deaeration Assembly. . .................. 208
Bayonet Casting Arrangement (View A) . .............. 210
Bayonet Casting Arrangement (View B) . .. ............ 211
Total Motor Weight Flow Rate vs Time at 70°F . ........ 218
Total Motor Weight Flow Rate vs Time at 100°F . .. .. .. .. 219
156-8 Motor Center-of-Gravity Reference System . ..... .. 220

xiii




Eeuaiy

LIST OF ILLUSTRATIONS (Cont)

110 156-8 Motor Mass Distribution .................... 221
111 Schematic of Propellant Folding Condition in Forward
Segment . . .. ... e e e e e 225
112 Propellant Surface of Core Cavity Showing Trimmed
Flowlines . .. . ..o it ittt it ie e 228 ‘
113 X-ray Triangulation, 156-8 Forward Segment .......... 229
114 Forward Segment Rework ............ .. .. ... ..., 232
115 Cutback Machine in Position over Segment .. .......... 233
116 Cutback Machine During Operation (With Scrap Catcher). ... 234
117 Typical Voids in Propellant Slices Removed from Defect
Area (View A) . . ..o i i it ittt it e e e 236
118 Typical Voids in Propellant Slices Removed from Defect
Area(View B) . . .. oo ittt i i e e e 237
119 Cut Surface Showing Voids and Unknitted Flowlines . ... ... 238
120 Propellant Cavity Surface Showing Hand Blended Voids .... 239
121 Hand Trimmed Side Cavity . .. .. .. .. ... ..o v ... 241
122 Aft View of Completed Forward Segment Repair . ........ 244

123 View from Core Cavity of Completed Forward Segment

Repair . . ..ot i e e e e e e 945
124 156-8 Ignition System . . . . ... ... . o o oo 247
125 Igniter Pressure Time Trace. . ... ... . v n .. 250
126 Summary of Structural Analysis on 156-8 Igniter Case,

Headend Adapter, Pole Piece, Condition I (Igniter Only

Pressurized to 1,000 psi) . ... ... v i i o, 2566

xiv




LIST OF ILLUSTRATIONS (Cont)

Figure Page

127 Summary of Structural Analysis on 156-8 Igniter,

Headend Adapter, and Pole Piece, Condition II (Rocket

Motor Pressurized to MEOP of 860 psia) . . .. .......... 257
128 156-9 Igniter in Test Stand (Before Firing). .. .......... 261
129 156-9 Igniter in Test Stand (After Firing) . . .. ... ... .. .. 262
130 156-8 Nozzle Design . .. .. .. ...t ieeeneenn 265
131 156-8 Stress and Deflection at Nozzle Attachment . ... .. .. 267
132 Temperature Profiles at 156-8 Nozzle Throat Centerline ... 272
133 Convective Heat Transfer Coefficient vs Nozzle Area Ratio.. 273
134 Relationship of Erosion Rate to Convective Heat Transfer

Coefficient for Graphite or Carbon Cloth Phenolic . . .. .. .. 274
135 Silica Cloith Phenolic Erosion Rate vs Convective Heat

Transfer Coefficient . .......................... 275
136 Wall Mach Number vs Axial Position, Aft Case and

NozzleInlet ... ........c .0 i nnennnn., 278
137 Convective Heat Transfer Coefficient vs Axial Position,

NozzleInlet . .. ...t ittt it ittt ee it i 279
138 Predicted Erosion, Char, and Ambient Temperature

Profiles for 156-8 Nozzle . . .. . ... ... .............. 280
139 Nozzie Inspection Points . . . .. .. ....... ... .. .. .... 283
140 156 Inch Rocket Motor Transporter ................. 289
141 Transportation Instrumentation Location . ... .......... 291
142 156-8 Handling Harness . .. ... vt v i it i it v oo 293

EWRPEN)




Figure

143

LIST OF ILLUST RATIONS (Cont)

Page
156-8 Center Segment on Modular Pallet .............. 295
Mold Rotation Apparatus . . . .. .. .. .. .. ... 0., 296
Nozzle Handling Device. . . . . . .. i i i it i it it e e e e n 300
156-8 Motor in Static Test Stand . .................. 302
156-8 Motor in Hydrotest Stand .. .................. 303

e




R,
-

Table

II

oI

v

VIl

VIl

IX

XTI

XIv

XVII

XIX

LIST OF TABLES

Material Properties . . .. .. .. ...t vt vnen.s
Motor Case Design Summary .. ........ccuoeevu ..
Revision of Margins for Static Test................
Revision of Margins for Hydroburst . ..............
Loaded Segment Loads and Safety Factors ...........
Empty Case Loads and Safeiy Factors . .............
Skirt RepairData. . ........ ... ...
Propertiesof Nylon .. ... ...... ... . v

Case Bladder . ....... . i ittt onetonnnoens

Insulation Ring . .. .. ... .. it nnn.
Insulation ErosionRates . .. .. ....... .. v
Insulation Ring Physical Properties ...............
UF-3119 Bonding Material. . ... ... .. ...
U¥F-1149 Bonding Material. ... .. .. .. ... ... ... ...
UF-3195 Bonding Material........ ... oo v ...

UF-2121 Liner & v v v v it et et vt et v e vt s o neneonoss

V-45 (Cured with Trevarno Cloth) Adhesion to

UF-3119 (Phase IB) ... ..t it ittt inononnnnnan

Bond Strength of UF-2121 Liner to Buffed and Unbuffed

V-45 Bladder Material . ... ... ittt it e vt onns

19

19

24

25

55

64

80

81

82

83

e,




LIST OF TABLES (Cont)

Table Page
XX Phase DA Compatibility Test of Propellant to
Insulation Bond . . ... .. .......0viuriinnannn 160
XX1 Phase IIB UF-2121 to MEK Wiped V-45 Bladder Material
TSt L e e e e 164
XX11 Phase III Igniter Compatibility Tests at TP-H1016 to
UF-2121Interface , .. ........... ... . ... 165
XX 156-8 Motor and Igniter Inprocess Samples . ........... 167
XXIV 156-8 Center Segment Test Values, Samples Cut from
Relief Flap . . .. .. ... ... it i e 168
XXV 156-8 Igniter Inprocess Verification Test Results ., ., ...... 170
XXVI Nylon Backup Ring Bonding Tests . .. ................ 171
XXVII Motor Parameters and Specifications , ., .............. 174
XXvil 156-8 Predicted Ballistic Performance @~ ........ 177
XXIX TP-H1011 Propellant Formulation .. ................ 189
XXX Theoretical Performance Characteristics . ............ 189
XXX1 TP-H1011 Batch Control Data . .. ...........cc.v... 191
XXX TP-H1011 Batch Control Physical Properties . .......... 181
XXx11 TU-131 Batch Check Data, 156-8 Forward Segment . .. .. .. 193
XXXIV Worst Stress-Strain Conditions in the 156-8 Grains .. ... .. 198
XXXV Safety Margins for 156-8 Loading Conditions (Worst
ConditionsOnly). . ... ... ...t ininiennnn. 202
XXXVI Mass Properties Data, 156-8 Motor Assembly Mass
PropertiesSummary. ... ........ ... i 213

T T




LIST OF TABLES (Cont)

Table Page
XXXvII Mass Properties Data, 156-8 Motor Assembly
Expended-Unexpended Mass Properties Summary ........ 214
XXXVIO Mass Properties Data, Sequential Mass Properties
Data for the 156-8 Motor at 70°F . . . ... ... vv vt 216
XXXIX Mass Properties Data, Sequential Mass Properties
Data for the 156-8 Motor at 100°F .. ................ 217
XL 156-8 Motor Weight Comparison Summary ... .......... 222
XLI Propellant Design Adjustments Reflecting Motor
"As-Built" Condition . .. .. ...t iv v i 223
XL Ignition System Structural Materials . ................ 258
XLIO 156-8 Ignition Data .. ...... ... i inenens 263
XLIV Physical Property Test Results for Full Scale
Nozzle Components . ... .. .. co vt vn vt tnnnenaeeens 268
XLV Nozzle Ablative and Insulation Material Properties
at Room Temperature .. ......couveie e inonnneenes 271
XLVI Predicted Erosion Comparison ............... e e 281
XLva Nozzle Inspection Results .. .... ...t iv e vn v 284
XLVIO Nozzle Dimensional Comparison . .......... o000 uu.. 286
xix ;




()

U)

V)

©)

(V)

(U)

U

SECTION I

INTRODUCTION AND SUMMARY

A. INTRODUCTION

On 12 Apr 1966, ‘Thiokol Chemical Corporation received notification from the
Air Force Space Systems Division of the award of contract AF 04(611)-11603 for the
Demonstration of a 156 Inch Diameter Motor with Segmented Fiberglass Case and
Fixed Ablative Nozzle. As detailed in the Statement of Work, Exhibit "A" to the
coniract, the program objective was to successfully static test fire a one million
pound thrust class, 156 in. diameter, segmented fiberglass reinforced plastic case,

solid propellant rocket motor followed by the hydroburst test of the fiberglass case.

The program was accomplished through use of a Government furnished case
and nozzle which were fabricated under Air Force Materials Laboratory (AFML)

contracts AF 33(657)-11303 and AF 33(657)-11301, respectively.

These two contracts were part of the 623A program which was initiated by
AFML in early 1963 to develop the technology required for fabricating large (156 in.
diameter) segmented fiberglass reinforced plastic rocket motor cases and large

ablative nozzles.

These programs were established to develop the technology required to
fabricate large rocket motor components and thus allow the attainment of cost

reduction and performance improvements projected with these components.

The program for developing manufacturing methods, controls, and pro-
cesses for large segmented fiberglass cases was awarded to Thiokol Chemical
Corporation, Wasatch Division. Thompson Ramo Wooldridge, Inc (TRW) was

awarded the program to develop fabrication techniques and processes for large

1
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ablative nozzles that would eliminate the need for using large. complex hydroclaving

cequipment for manufacturing.

Extensive development work under both of these programs has resulted in the
three-segment. 156 in. diameter, fiberglass rocket motor case (weighing 45 percent
less than a comparable 18 percent nickel maraging steel case) and a large ablative
nozzle that was fabricated without the use of hydroclave facilities. The manufacturing
technology required to fabricate large rocket motor components has been demonstrated
through (1) the hydrostatic proof testing of the segmented 156 in. diameter case. and
(2) subscale testing of nozzles fabricated with the same manufacturing techniques

utilized in fabricating the large ablative nozzle.

A necessary prime step in this component technology program was the integration
of these components in an actual motor static test demonstration. To accomplish the
objective of this program Thiokol used demonstrated state-of-the-art technology in
preparing the Government furnished case and nozzle for static test firing. The scope
of work required to accomplish the program objective is described in the following task
hreakdown:

Task I -- Subscale Joint Seal Development
1.1 Subscale Joint Seal Analysis and Design
1.2 Subscale Joint Scal Fabrication and Test
Task If -~ Motor Demonstration
2.1 Motor Design and Analysis
2.2 Motor Propellant Processing and Test
2.3 Motor Insulation and Liner Fabrication and Test
2.4 Motor Ignition System Fabrication and Test
2.5 Motor Static Test Firing
Task IIl -- Motor Case Hydroburst Test
Task IV -~ Special Tooling and Facilities
Task V -- Systems Support
Task VI -- Program Management

Task VII -- Reports and Documentation
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The contractual period of performance for technical effort was from 12 Apr 1966
thru 23 Dec 1966. During this period the basic contract was modified by Contract Change

Notice. This modification affected the propellant repair in the forward segment and

directed additional propellant cutout effort, therchy increasing the target cost by $10, 000.

The scheduled completion of technical effort was subsequently changed to read "on or
before 1 Apr 1968." Unforescen problems encountered during assembly of the motor
segments made it impossible to comply with the 1 April date. The contract was modi-
fied a second time to reflect a static test date of 25 Jun 1968. which was met. The

31 Jul 1969 date for the hydroburst was delayed slightly due to the motor-case requiring
repairs to prevent leakage and allow pressurization. The case was successfully burst

on 8 Aug 1968.

The final report is contained in two volumes. Volume I contains (1) a program
summary; (2) detailed discussions on the design and fabrication of the motor components
including the segmented fiberglass reinforced plastic case, the propellant and grain,
insulation and liner, ignition system and the nonhydroclaved nozzle; and (3) subscale
joint seal development. Volume II contains (1) the static test report including test
results and detailed postfire analysis of components; (2) hydroburst test results; and

(3) conclusions and recommendations.
B. SUMMARY

The 156-8 motor demonstration program performed under this contract encom-
passed the design, manufacture, static testing and hydroburst test of a 156 in. diameter,
segmented fiberglass reinforced plastic case, solid propellant rocket motor utilizing a
fixed external nonhydroclaved nozzle. The motor desigi and fabrication was conservative
and limited to state-of-the-art technology in order that the primary objective of demon-
strating the case segment joints and the joint seal and insulation concept for large motors

would not be compromised.
1. DESIGN CRITERIA

Design criteria specified in the contract Statement of Work included the following:
1. The motor design shall incorporate cxisting, avail-
able, case and nozzle components from contracts
AF 33(657)-11303 and AF 33(657)-11301.
3
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The motor will be capable of successful operation

after being subjected to either horizontal or vertical
storage at any thermal environment hetween 60 and

100° T for any period of time sufficient to produce a
maximum temperature gradient through the grain.

The grain design for the motor will be of a segmented
configuration.

The propellant shall be one of the polybutadiene/AP/AL
family of propellants. Use of staples is specifically
prohibited.

The segment joint seals will be located in the joint
insulation and will be designed for: (1) high reliability,
(2) assembly with a minimum of tooling, (3) disassembly
without damage to the segment insulation, and (4) mini-
mum possibility of incorrect assembly.

Insulation and liner designs for the motor shall include,
but not be limited to, proven materials compatible with
the propellant. The materials shall meet motor per-
formance requirements. The insulation material shall
be V-44 or equivalent and standard insulation techniques
shall be used. Propellant shrinkage flaps will be pro-
vided at each of the six propellant termination surfaces.
A headend Pyrogen igniter shall be used and will con~
sist of three main components: the safety and arming
device; initiating Pyrogen igniter; and a booster Pyrogen
igniter.

The motor will have a mass fraction goal of 0. 91,

The motor shall have a burn time of 115 to 120 seconds.
The motor should produce a burning time average

thrust of 900, 000 pounds.
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2. MOTOR DESIGN AND PROCESSING

The 156-8 motor design is shown in Figure 1 and a detailed discussion is

contained in the following sections.

The motor case used in this program was the segmented fiberglass reinforced
plastic case made by the B. F. Goodrich Co on contract AF 33(657)-11303. Upon
completion of the hydrotest requirement of that contract, it was discovered that the
case bladder was unbonded. The bladder was subsequently removed from all three
segments and replaced as a part of this contract. The new bladder material was

V-45 silica-filled NBR rubber.

The joint seal and insulation material was V-44 asbestos filled NBR rubber.
After installation of the case bladder and joint seal insulation, the case segments were
transported to the test area and assembled in the hydrostatic test stand where the case

was hydroproof tested at the MEOP of 880 psi per Exhibit A of the work statement.

UF-2121 liner was applied to the case interior, by the sling lining technique,
to provide good bonding between the propellant and the bladder and insulation material.
Details of the insulation and liner design effort are contained in Sections IV and VI,

respectively.

The propellant for this motor, designated TP-H1011, was a polybutadiene
acrylonitrile/AP/AL type and was identical to the Stage I Minuteman propellant.
The motor had a segmented cylindrical perforate (CP) grain design in order to
maintain a relatively neutral pressure trace. The bayonet casting technique was
employed during motor loading. Due to the large size and excessive time required
for casting, this technique resulted in a propellant vgid problem in the area opposite
the casting bayonets. A detailed discussion of the propellant casting problem and

the subsequent propellant removal and recasting are presented in Section VIII,

A conventional headend Pyrogen ignition system was utilized for motor
ignition. This system employed a Minuteman type safety and arming device, an

initiating Pyrogen igniter, and the booster Pyrogen igniter. The booster Pyrogen
5
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metal case was externally insulated with V-45 rubber. The igniter cap was designed
with ports for injection of COZ gas for motor quench after static testing. Ignition

system design and fabrication details are presented in Section IX.

(8)) As previously stated, the fixed ablative nozzle for the 156-8 motor was pro-
vided as a GFP component. Section X presents a discussion of the nozzle design
review and analysis that was conducted to ensure the nozzle's compatibility with the

motor and proposed handling procedures, and to predict the performance of the nozzle.

(U)y 3. STATIC TEST

(U) The loaded motor segments were transported to the test area and assembled
horizontally in the bay. During assembly the segments were supported with jacks at
each skirt and each segment joint. After assembly was complete the jacks supporting
the motor at the segment joints were lowered, placing all the motor weight on the skirts.
As the load increased, the aft skirt began to separate from the case. The jacks at the
aft joint were then raised to remove the motor weight from the aft skirt. A structural
analysis of the skirt separation condition determined that if the skirt could be made to
support the static weight of the motor, it would survive the static test condition. The
skirt was repaired by the addition of a rubber shear ply over the separated area and
overwrapping the shear ply with fiberglass cloth. This resulted in an 18 in. wide hand
of fiberglass and shear ply bonded to the skirt and to the motor case. The weight of the

motor was again put on the skirt and the repair was found to have been successful.

U) Prior to installation of the nozzle, the motor was subjected to a 50 + 10 psi
leak check. This was accomplished by the installation of a flat plate over the aft
polar opening. After the case was pressurized, it was checked for leaks with
Leak-Tec. No leaks were apparent and processing continued with the installation

of the nozzle.

U) The motor was static fired on 25 Jun 1968. Motor ignition occurred normally
and no abnormality in motor or component performance was observed during the
firing. A review and analysis uf the test data confirmed the successful operation.

The motor operated longer and at a slightly lower pressure than predicted with no
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adverse cffects on the test objectives. All motor and component parts were in
excellent condition at completiéwn of the firing. Charring of the insulation and degrada-
tion of the nozzle plastic parts were prevented to a great degree by the 002 quench
system. Due to the angle of the holes in the Pyrogen cap through which the CO2 was
injected, there was some charring through of the insulation in the forward dome.

The case was removed from the static test bay after removal of the nozzle
and transported to the manufacturing area where the damaged areas of the bladder
were repaired and a 50 psi leak check was again performed. No leakage was apparent
and the case was transported to the hydrotest facility. During transportation to the
test area, the case was pressurized to about 5 psi in order to prevent loosening of
the bladder repairs. If became apparent during installation of the case in the hydro-
test stand that the case was leaking. The case was filled with water and pressurized
with line pressure of approximately 40 psi. The joint seals performed as expected
and the air leak was sealed. The case was subsequently pressurized to burst which
occurred at 1, 095 psi. The motor static test operations, test results, postfire

analysis and hydroburst test results are presented in Sections IV and V of Volume II,
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SECTION IT

CASE DESIGN, FABRICATION, AND REPAIR

A. CASE DESIGN SUMMARY

The 156-8 rocket motor case consisted of three filament wound segments

designed to be assembled at the test site. The segments were connected with

steel pins through steel-glass composite tongue and clevis joints. The basic cylinder

was wound from 8994 glass, wetwrapped withan Epon 826/NMA /DMP-30 resin system.

The maximum diameter of the pressure vessel was 158 inches. The forward and aft
segments were fitted with skirts. The forward skirt was designed to accept the thrust

loads and the aft skirt to accept missile weight loads.

The basic pressure vessel was sealed inte,nally with a Buna-N bladder

0.060 in. thick.

The polar opening was fitted with 2014-T652 aluminum pole pieces to accept

the igniter on the forward end and the nozzle on the aft end.

1. DESIGN CRITERIA

The case was designed in 1963 under Contract AF 33(657)-11303, at which
time it was not planned for a static test demonstration. The 156-8 motor was in

effect designed around the existing mating case and nozzle.

The case was originally designed to burst at 1,440 psi. The design called
for an internal pressure of 1,200 psi with 2 minimum safety factor of 1.2. After the
case was transferred to the 156-8 program, the maximum expected operating pres-
sure (MEOP) was established at 860 psig and the minimum safety factor was changed
to 1.25 because of design changes and repairs. The final design refined the MEOP

to 854 psig. However, all previous stress calculations were made using the 860 psig

9
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value. and it was not considered economically feasible to rework all the design calcu-

lations. Therefore, all calculations in this report reflect the 860 psig.

The material properties used for the design are shown in Table I. The case
was designed for glass tensile stress and the forward skirt for buckling. The polar
bosses were stress or deflection limited. Joints were designed for pin bearing and

the transfer of the shear load from the steel to glass composite.

2. STRUCTURAL ANALYSIS

a. Static Test~-The case glass-resin structure was S-994 HTS glass fibers and

Epon 826/NMA/DMP-30 hardener.

The forward segment (Figure 2) was designed with a 9 deg wrap angle, which
was the minimum to prevent dome slippage. There were 34 polar wound layers and
47.5 hoop layers to withstand internal pressure and discontinuities. The maximum
reduction of 1 hoop layer and 2.5 polar layers due to dry glass condition resulted
in 46. 5 hoop layers and 31. 5 polar layers before static test. There was further
reduction to 44.5 hoop layers and 29.5 polar layers prior to hydroburst due to char-

ring in static test. The original composite thickness in the cylinder was 1.05 inches.

The center segment (Figure 3) was designed with a 5 deg polar wrap angle,
which was chosen because of geometric restrictions imposed by the segment and the

mandrel. Twenty eight polar wound layers and 48 hoop wound layers were used to

withstand internal pressure. These layers were reduced to 27 and 47.5, respectively,

prior to static test due to dry glass removal with the original bladder. The original

composite thickness in the cylinder was 0. 965 inch,

The aft segment (Figure 4) was of a helical (geodesic) design with a cylinder
winding angle of 30 deg and 25 minutes. The helical wrapping pattern was used
because of the relatively large opening in the dome for nozzle attachment. Forty
helical wound layers and 38 hoop layers were used to withstand internal pressure

and discontinuities. Both these layers were reduced to 37.5 each prior to static test

10

i dikie oy e S Ny

RPN, © L SO T3 W P AU LU




TABLE I

(U) MATERIAL PROPERTIES

Glass - §~994 HTS Finish

Density, pg (Ib/cu in.)

Modulus of Elasticity, Eg (psi x 105)

Bearing Strength Composite, Fyy,. (psi)

Hoop Glass Strength, Fgg (psi)

Helical, Polar Glass Strength, Fao (psi)
Epon 826/NMA/DMP-30 Resin System

Density (Ib/cu in.)

Modulus of Elasticity (psi x 105)

Tensile Strength (psi)
Shear Strength (psi)
Compressive Strength (psi)

2014-T652 Aluminum Alloy Forging

Density, p 5; (Ib/cu in.)

Modulus of Elasticity, E o] (psi x 106)

Tensile Strength, Fiy (psi)

Shear Strength, Fgy (psi)

Tensile Strength at 0.2% Offset, Fiy (psi)
Buna-N Rubber (B. F, Goodrich 39322)

Shear Strength, Fg, (psi)

Modulus of Rigidity (psi)
Density, py (Ib/cu in.)
AM-355 Stainless Steel

Density, pg (Ib/cuin.)
Modulus of Elasticity, Eg (psix 106)
Tensile Strength, F,;, Min (psi)

11

0. 090
12,3
50, 000
335, 000
301, 500

0.043
0.5

6, 000
7, 000
25, 000

0.100
10.5
60, 000
36, 000
55, 000

750
350
0. 044

0.282
30
250, 000

e




TABLE I (Cont)

Y e .

(U) MATERIAL PROPERTIES

| Shear Strength, Fg,, Min (psi) 150, 000

% Tensile Strength at 0.2% Offset, Fyy, Min (psi) 212, 000

E - 18% Nickel Steel

[ Density, p (Ib/cu in.) 0. 289

| Modulus of Elasticity (psi x 10°) 27

gf Tensile Strength, Fy,, Min (psi) 281, 800

L Shear Strength, Fgy, Min (psi) 169, 080 1
Tensile Strength at 0.2% Offset, Fy, Min (psi) 270, 000

L et

USy E73% Wpoxy Rosin

;L;
f«

Density (1b/cu in.) 0.043

Modulus of Elasticity (psi x 165) 0.5

Shear Strength (psi) 10, 000 ]
12
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due to dry glass removal. An additional hoop layer was lost in a localized area of
the aft segment prior to hydroburst, The original composite thickness was 1, 03

inches in the cylinder.

The segments were assembled by means of mating clevis joints designed to
be critical in bearing (Figure 1). The tongue and clevis structures were composed
of 0.020 in. AM-355 steel shims laminated between (polar or helical) fiberglass
layers of the basic case. The longitudinal load carried by the fiberglass was trans-
ferred to the shims in interlaminar shear. The shims transferred this longitudinal
load to the joint pin and thus to the stainless steel shims of the adjoining segment.
In forward and aft segments where there was a large wrap angle, glass mat had to

be added to transfer the shear load. Rubber replaced the hoop windings for 1.5 in.

adjacent to the shim stacks, and longitudinal slits were made between the shim stacks

to reduce hoop discontinuity. The clevis pin was fabricated from 18 percent nickel

steel designed for shear and bending.

The polar openings in the forward and aft domes were reinforced with

forged 2014-T652 aluminum alloy rings.

The B, ¥, Goodrich Buna-N rubber shear ply was placed between the case
and polar hosses to reduce stress due to case distortion. It was also used as a

shear ply between the skirts and the case.

The skirts on the forward and aft segments were wound simultaneously with
identical thickness and composition because of a manufacturing economy. The
composite thickness of 0. 602 in. was determined from load induced in the forward
skirt by a simulated thrust load and weight of water incurred during hydrotest, Due
to failure in hydrotest, the original forward skirt was replaced with one of the
same configuration using S-994 glass preimpregnated with U.S, Polymeric's ET17
epoxy resin, Gen Gard V-45 Buna-N rubber was bonded between the replacement
skirt and dome to provide a shear load transfer and to accept longitudinal case

expansion.
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Table I lists all pertinent margins-of-safety for the original design based
on a MEOP of 860 psig. Table III lists the revised margins prior o static test
due to joint damage, glass removal, and aft skirt repair. Table IV lists the

revised margins prior to hydroburst test dve to glass removal.

b. Hydrotest--There were three hydrotests of the 156-8 segmented fiberglass
case. The first hydrotest was conducted to verify the design and fabrication of the
segmented fiberglass case, the second was to verify the structural integrity of the
case following the replacement of the forward skirt, and the third was to verify that
the replacement bladder and seal design were pressure tight. Hydrotests were
conducted in test stand T-17 (Figure 5). The first two were conducted under

Contract AF 33(657)-11303.

The first test was conducted on 1 Oct 1965. The case was pressurized to a
hydroproof pressure of 998 psig. After the pressure had been held at the hydroproof
level of 998 psig for 48 sec, the forward skirt crumpled just below the attachment
shear ply. Since the failed skirt continued to transmit the 1,700, 000 1b thrust and
weight loading, the hydroproof pressure was held for the remainder of the scheduled

2 rin cycle. Pressure was then reduced at the rate of 7 psig/second.

Except for the skirt failure, the case performed as expected during the hydro-
static test. The joints showed no delaminaticn or bearing deformation in the shim
composite. The forward dome was crazed in the meridional direction; however, it
has been shown in other fiberglass programs that the meridional dome crazing has

no detrimental effects on the glass fibers.

Inspection of the skirt showed that the inner 29 percent of the skirt had a low
resin content and was delaminated. The failed skirt was therefore removed, and an

identical replacement was fabricated out of prepreg roving and bonded to the case.

Following the skirt rework, the case was hydrotested the second time on
29 Mar 1966. A manifold pressure of 200 psig at i,200 gpm was needed to maintain

a pressurization rate of 5.93 psig/second. The case was held at an average proof

pressure of 990 psig of 123 sec, the maximum pressure being 1,003 psig.

17




TABLE I

(U) MOTOR CASE DESIGN SUMMARY

Stress or
Design Load at Safety
Item Strength MEOP 860 Factor
Joint Bearing
Tongue (Ib/pin)* 269, 300 159, 000 1.70
Clevis (Ib/pin)* 152, 400 88, 000 1.73
Pin
Bending (psi)* 270, 000 193, 000 1.40
(yield)
Shear (psi)* 168, 000 66, 200 2.52 ‘
Case Wall Hoop Glass
Forward Segment (psi)¥* 335, 000 202, 000 1.66 %
Center Segment (psi) 335, 000 202, 000 1.66
Aft Segment (psi)** 335, 000 202, 000 1.66
Skirt ;
Compression (Ib/in. ) 8,250 i 3, 080 2.68 y
Forward Attachment, Shear (psi) 750 348 2.15 :
Aft Attachment, Shear (psi) 750 254 2.96
Polar Boss (Forward)
Bending (psi) 63, 000 23, 900 2,64 :
Tension (psi) 220, 000 98, 200 2,20 ]
Polar Boss (Aft)
Bending (psi) 63, 000 36, 900 1.70 :
Tension (psi) 1900, 000 317, 700 2.65

*These margins were reduced for static test due to joint damage
(see Table III).
**These margins were reduced for static test and further reduced
for hydroburst (see Table IV).

18
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(U) REVISION OF MARGINS FOR STATIC TEST

Item
Joint Bearing
Tongue (Ib/pin)
Clevis (Ib/pin)
Pin
Bending (psi)
Shear (psi)
Joint Composite
Longitudinal Stress (psi)
Case Wall Hoop Glass
Forward Segment (psi)
Center Segment (psi)
Aft Segment (psi)
Skirt

Aft Attachment, Shear
Skirt Overwrap (psi)

Design
Strength

237, 000
126, 500

270, 000
168, 000

84, 000

335, 000

335, 000
335, 000

400

TABLE IV

Stress or
Load at
MEOP of 860 psig

159, 000
88, 000

239, 000
83, 000

67, 000

218, 000

204, 000
204, 000

150

(U) REVISION OF MARGINS FOR HYDROUBURST

_I_gem

Case Wall Hoop Glass
Forward Segment (psi)
Aft Segment (psi)

Design
Strength

335,000
335,000

19

Stress or Load at
MEOQOP of 860 psig

228,000
206,000

Safety

Factor

1.50
1.42

1.13
2,02

2,25

1,54

1.64
1.64

2,67

Safety
Factor

1,47
1.62
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The case performed as expected during the hydrostatic proof test. The replace-
ment skirt transmitted a simulated thrust load of 1.73 x 106 pounds. The only evidence
of damage from the test was loss of a glass cloth patch on the forward segment for
retention of previously broken strands and failure of two strands in the aft segment.

Both of these discrepancies could be repaired prior to subsequent use of the case.

Following this second hydrotest, the case was transferred to the 156-8 motor
demonstration program. Post-test inspection of the case revealed inadequate
adhesion within the inner plies of the glass resin composite. The existing bladder
and inner four to five plies of glass were removed until a sound structure was found.
Following removal and cleanup, a new bladder of 0.06 in. thick cured V-45 rubber
was bonded to the case with UF-3119.

Segment insulation was fabricated and installed, After installation, seal and
joint interfaces were machined in the segment insulation. Seals were fabricated with
neoprene rubber in a channel shape and fitted with a compression spring to hold the

legs of the channel against the sealing surfaces at low pressures.

The case was assembled and then hydrotested on 30 Sep 1966. The case
pressure was increased at 2. 3 psig/sec to a maximum of 897, held for 123 sec and

depressurized at 6.3 psig/second.

The case withstood the hydrotest with no structural failure and no leakage in
the joint areas. There was a small amount of leakage in the forward segment 42 in.
from the joint. Post inspection revealed a small cut in the bladder. The cut was re-

paired by patching with Buna~N prior to loading the segments for static test.

c. Breakover and Handling--Several conditions had to be checked to insure that proc-

ess handling would not induce excessive loads on the case. Prior to segment loading,
the segments were handled by brackets attached to the tongues, clevises. or skirts.
Handling empty segments did not impose any significant loads. Loaded segments were
handled with potted lifting rings or handling harness as shown <;n page 293. The seg-
ments were lifted from the loading pit in the vertical position. The segment was then
broken over to a horizontal position, and remained horizontal during assembly for static

test. The weight and center-of-gravity locations of the loaded segmentsrelative to the harness
21
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are shown in Figure 6. Following static test, the case was transported in the assem-
bled condition, rather than disassembling the segments. The aft part of the case was
lifted by the aft polar boss because of the aft skirt overwrap failure during static
test. The case was broken over at the hydroburst test stand and lowered into the

testing position.

When handling the individual segments, the worst load occurs during loaded
segment breakover. A summary of the loaded case capability and safety factors
appears in Table V. Note that the minimum safety factor for 1g loading is 4.2. The
limiting condition on the forward and aft segments is bearing stress by the skirt

bushings. The limiting condition on the center segment is case wall buckling.

The case was removed from static test stand T-24 and loaded on the trans-
porter. The case was then transported to manufacturing to have a new bladder
installed for hydroburst. The case was handled by lifting from a plate attached to
the aft polar boss and two brackets which attached to the forward skirt, After bladder
repair the case was taken to T-23, broken over to the vertical position, and lowered
into the hydrotest pit by the aft boss. Table VI gives a summary of the loads and

safety factors. The minimum safety factor is in the forward skirt and is equal to 4.7.

22
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TABLE V

(U) LOADED SEGMENT LOADS AND SAFETY FACTORS

Maximum Lug Maximum Axial Maximum Shear
Segment Load (b) Load (Ib/in.) Load (b/in.)
Forward 88, 900 1, 620 450
Ceanter 146, 900 3,430 580
Aft 86, 300 1, 470 490

CASE CAPABILITY

Degcription Type of Load Load (Ib/in.)

Skirt Buckling ‘ Axial 8,250
Skirt Shear Ply - Axial 7,200
Skirt Bearing from

Bushing Shear 3, 940
Shear Tearout Skirt Shear 4, 970
Bolt Shear Shear 3, 620
Center Segment Buckling Axial‘ 14, 320

CASE SAFETY FACTORS, 1g LOADING

Minimum Minimum
Safety Factor Safety Factor
Segment Axial Shear
Forward 4.4 8.7
Center 4.2 N/A 3
Aft 4,9 8.0 b
24




TABLE VI

(U) EMPTY CASE LOADS AND SAFETY FACTORS

: Horizontal Maximum Vertical Maximum

' Location Lug Load (lb) Lug Load (Ib)
Aft Altachment 14,500 29, 000
Forward Attachment 7, 250 N/A

ATTACHMENT CAPABILITY

Type of Load Load (Ib) ;
Boss to Case Vertical, Compression 7.05 x 106
Interface
Boss to Case Horizontal, Tension 0.682 x 106
Interface ?
Boss to Case Horizontal, Shear 1.63 x 108
Interface
Skirt Bearing Horizontal, Bearing 33, 700 3
Bolt Shear Horizontal, Shear 30, 200

i

MINIMUM CASE SAFETY FACTORS

Location Safety Factor
Aft Boss >10
Forward Skirt 4.7
]
25
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B. CASE FABRICATION

The case was fabricated as four separate components: (1) forward and aft
skirt, (2) forward segment, (3) center segment, and (4) aft segment. The case was
fabricated at B, F. Goodrich’s Aerospace and Defense Products Division under
Contract AF 33(657)-11303. After fabrication the case was hydrotested at the Thiokol
Wasatch Division. During hydrotest the forward skirt failed. The old skirt was re-

moved and replaced with a skirt fabricated at Thiokol's Pocatello facility.

1. CASE FABRICATION AT VENDOR

The segments and skirts were wet wound with S-994 HTS glass roving with

a resin content of 25 percent by weight. The resin systein used was Epon 826/

NMA/DMP-30.

The case segments were fabricated on collapsible aluminum mandrels. The
mandrels consisted of radial extrusions and stiffenevr rings. A layer of plaster was

screeded over steel reinforcement wire to define the case contour.

The forward and aft skirts were fabricated simultaneously (Figures 7 and 8)
by winding over a cylindrical section with false domes. The mandrel was covered
with B. F. Goodrich Buna-N uncured rubber for the shear plies and then 46 inter-
mittent layers of polar and hoop glass were wound over the uncured rubber. The

skirts were cured and machined to final dimensions.

The forward segment mandrel had a polar boss and dome at one end and a
false dome at the clevis end. There were a total of 96 building sequences during
fabrication, These sequences consisted of intermittent layers of polar, reinforce-
ment mats, shims, buffer and hoop layers (Figures 9 and 10)., After windingand cure,
the forward skirt was mated to the forward segment (Figure 11), and the assembly

was then cured. The false dome was cut from the segment and the mandrel removed.
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(U) Figure 7. Skirt Mandrel at
Start of Polar Winding
Sequence
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(U) The center segment mandrel ha:i false domes on hoth the clevis and tongue
ends. There was a total of 112 huilding sequences during fabrication. The sequences
consisted of intermittent layers of polar, reinforcement mat ‘shims, huffer, and hoop

layers. The segment was cured, the ends machined, and the mandrel removed.

(U) The aft segment mandrel had a polar boss and dome on one end and a false
dome on the tongue end. “There was a total of 105 building sequences consisting of
intermittent layers of helical, reinforcement mats, shims, buffer, and hoop layers.
After winding, the cured aft skirt was mated to the aft segment and the assembly

curad. The false dome was cut from the segment and the mandrel removed.

(U) The segments were then assembled and the clevis and tongre match bored.

The boring operation consisted of a three step operation: (1) Trepan laminated to
prepunched hole diameter, (2) hole enlarged to 0.010 in. of final diameter with
Wohlhaupter head, and (3) final diameter bored with conventional boring bar. Slits
were sawed between the tongue and clevis shim stacks to allow for circumferential

expansion.

(U) 2. TFOQRWARD SKIRT REPLACEMENT

i e

() During hydrotest the forward skirt buckled at 998 psig. Visual examination
showed that 29 percent of the skirt was resin starved and delaminated. Analysis
showed that if the skirt had been sound, it would have withstood the load. Therefore,
the decision was made to fabricate a new skirt of the same strength to replace the

old one.

(U) The original skirt was removed by making longitudinal cuts Gown to the
shear ply. The shear ply was removed with a coarse sanding disc. Visual inspec-

tion showed no damage to the forward dome.




(U) The replacement skirt was wrapped on a steel mandrel which was swept with
plaster. S-994 HTS glass roving, preimpregnated with USP-E~717 epoxy resin, was
used to fabricate the skirt. Uncured strips of Gen Gard V-45 NBR rubber were
applied over the mandrel. The 44 layers of interspersed hoop and polar glass were
wrapped over the mandrel and uncured rubber. The polar wrap angle was 10 degrees.

The skirt was oven cured and machined to final size.

(U) Several tests were conducted to select a room cure adhesive which had a
shear strength of 759 psi. The following adhesive was chosen to bond the replacement

skirt to the forward dome.

Ingredient Percent by Weight
Liquid Epoxy Resin 38.4
Versamid 140 38.4
Asbestos Floats 23.2

The skirt was placed in correct alignment with the case and pressed into position
with a hydraulic piston (Figure 12). The bond was cured at 90°F for 18 hours. The
skirt was cut off with an abrasive wheel, and the holes were drilled for the aluminum
bushings. The aluminum bushings were installed and bonded in place with epoxy

resin.
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(U) C. CASE REPAIR

(18)] 1. BLADDER REPLACEMENT

(U) a. Repair Considerations--The original bladder (0. 090 in. thick B. F. Goodrich

Buna-N rubber) was inadequately bonded to the basic wall structure of the segments.
This condition was attributed to a lack of resin in the initial fiberglass layers at the
segment inside diameters. A good bond must be maintained between the segment
walls and bladder to support the propellant, which will adhere to the bladder when
cast and cured. Therefore a plan was initiated to replace the original bladder with

a 0,060 in. thick bladder of Gen Gard V-45.

U) A series of peel tests and visual inspections were made of each segment o
determine the number of dry glass layers and the surfaces necessary for structural
bond requirements. Removal of fiberglass material from segment walls results in
lower factors of safety than indicated in the 156-8 case design report; however, as
previously stated, the case was designed for an ultimate pressure of 1,200 psig with
a minimum safety factor of 1.2. Therefore, at a MEOP of 860 psig, the safety factor
and strength level of the segments after case repair, although reduced,was considered

adequate and within design requirements.

(U) b. Case Repair--The bladder was completely removed from the cylinder and domes *
of each segment except for a 14 in. strip at the joint ends (Figure 13). The original
bladder was not removed in the joint areas to avoid disturbing the internal hoop rings
in the segments. These rings provide the required hoop strength in the joint aress
and are also the mating surfaces of the segments. Therefore, it was essential that
the hoop rings not be disturbed., Also Buna-N strips bonded over the joints for

hydrotest seal were removed (Figure 14),

U) The 14 in. strip of original bladder was bonded back to the case wall by inject-
ing UF-3119 between the bladder and case wall. The UF-3119 was then cured under

" vacuum at ambient temperature. 34
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(U)

U

(U)

(U)

After bladder material was removed, the loose (unbonded) fiberglass in each
segment was removed until a sound laminate was evident. The amount of glass
requiring removal was different in cach segment. In the forward segment, one layer
of circumferential (hoop) windings and one layer of polar windings were removed
from the cylinder. Two and onc-half layers of polar windings were removed from the
forward segment dome, extending from the edge of the forward boss to the beginning

of the cylinder.

One half layer of hoop windings and one layer of polar windings were removed
from the center segment. In the helically wound aft segment, one half layer of hoop
windings and {wo helical layers were removed from the cylinder. Two and one-half
layers of helical windings were removed from the aft dome, extending from the edge

of the polar boss to the beginning of the cylinder.

To determine the bond strength to the fiberglass laminate following dry glass
removal, four test plates (2 by 4 in.) were bonded in the cylindrical areas of each
segment using UF-3119 and UF-3177 for tensile adhesion tests. Both formulations
were cured under vacuum at ambient temperature. One sample plate from each

formulation in each segment was step pulled as shown below.

Step Time (min) Tensile Load (psi)
1 1.0 10
2 1.0 20
3 1.0 30
4 1.0 40
5 1.0 50
6 1.0 60
7 1.0 70

The other test plate of each formulation was pulled for 1 min at 70 psi. The
test arrangement is shown in Figure 15. All test plates passed the tensile adhesion
test except the UF-3177 full load test plate in the center segment which failed after
57 sec at 70 psi. Inspection of the failed plate showed an actual bond area of approxi-

mately 4 sq in., indicating that failure had actually occurred above bond strength.
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The tensile adhesion tests demonstrated that either UF-3119 or UF-3177 were ade-
quaie for bonding the replacement bladder into the segments. UF-3119 was selected

because of superior working qualities.

Upon the successful demonstration of a sound fiberglass laminate to which
a new bladder could be bonded with assurance of sufficient bond strength to support
the propellant grain, bladder installation was initiated. The new bladder material
(General Tire and Rubber Co silica filled NBR (V~45) procured in 36 in. wide roils)
was wound onto a large (44 in. diameter) drum with Trevarno film between layers

and autoclave cured.

The material was then cut into strips that extended the full length of the seg-
ments (Figure 16) and bonded into the segments with UF-3119) They were cured by
installing vacuum bags on both the inside of the segment over the bladder strip and
on the outside of the segment behind the strip .of bladder being installed (Figure 17),
then applying vacuum and curing for minimum of 12 hours. The configuration of the

repaired case segments was shown in Figures 2 thru 4.

To verify that the required bond strength was obtained hetween the new case
bladder and fiberglass laminate, two 2 by 4 in. test plates were bonded into the
cylindrical section of each case segment after the bladder was installed. All test

plates passed the tensile adhesion test of 70 psi for 1.0 minute.

c. Effects of Repair on Case Design Strength--In addition to the case strength

reduction resulting from the glass removal, other deviations occurred in handling
and testing the case segments. The factors that caused degradation in the case
strength are explained as follows.
1. Glass removal because of bladder unbondedness.
2. Loss of 4 of the 3, 200 center segment clevis joint
shims during assembly of the case for the second
hydrotest under Contract AF 33(657)-11303.
3. The local cutting of 1 1/2 helical layers adjacent

to the aft polar boss after bladder removal.
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4. Scratches on the forward segment, occurring
during skirt repair under Contract AF 33(657)-11303,

which locally cut 2. 5 layers of hoop windings.

The combined effect of the above discrepancies was a reduction of the pre-
dicted burst strength of the case from above 1,500 psig to 1,440 psig. The analysis

of the effects of each of the above discrepancies is presented in the following sections.

(1) Glass Removal--The number of polar or helical and hoop layer of fiber-
glass required by the original design and the number remaining after bladder and

glass removal are shown below.

Original Rework
Polar/Helical Hoop Polar/Helical Hoop
Layers Layers Layers Layers
Forward Segment 34 47.5 31.5 46.5
Center Segment 28 48 27 47.5
Aft Segment 40 38 37.5 37.5

Stresses and safety for the above conditions were shown in Tables

II thru IV.

In the analysis of case strength after glass removal, Thiokol
assumed that the maximum amount of glass removed from any one segment was
removed from the entire segment; that is, in the forward segment where 2.5 layers
of polar windings were removed from the dome area and only one polar layer was
removed fromthe cylinder; 2.5 layers were assumed to be removed from the entire

segment,

(2) Shim Damage--During the assembly of the case for the second hydrotest
under Contract AF 33(657)-11303, interference between the center and aft segments
resulted in the loss of four shims from the outside diameter of the inner clevis leg
of the center segment. The four damaged shim stacks, which were reduced in total
number of shims from 16 to 15, were randomly spaced around the segment (i.e., no

two shim stacks incurring damage were adjacent to one another). For the purpose of
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analysis, it was assumed that the 16th shim (the outer shim of the inner leg) from
all 100 shim stacks was damaged. Since there will be some distribution of load
from the damaged shim stacks to the adjacent undamaged stacks, the analysis of

the effect of the damage is conservative.

The clevis joint was originally designed for an ultimate strength of
152,400 1b per clevis leg per pin. The shims next to the clevis gap (the No. 16 and
17 shims) were the most highly loaded shims in each stack, thus the loss of the
No. 16 shims shifted the loading coefficient curve (Figure 18) and reduced the ultimate
strength to 146,900 1b per leg per pin. Additional shims were removed during case

assembly for static test. The minimum margins-of-safety were shown in Table III.

(3) Local Cutting on Aft Dome--During the removal of the helical glass in
the aft segment, 1.5 helical layers, over and above the 2.5 layers removed, were
cut in a local area next to the aft polar boss. The cut was 1.5 layers deep by 3/16
in. wide by 2 in. long. Assuming the cut rendered the complete 1.5 layers ineffective,
the effective glass thickness was reduced four percent. The cut reduced the factor of

safety to 1.68 at MEOP of 860.

(4) Local Scratches on Forward Segment--During the installation of the
replacement skirt on the forward segment under Contract AF 33(657)-11303, the
locking knob on a drill clamping fixture loosened from the attaching bolt, allowing
the fixture to drop. When the fixture dropped, it hit the segment in four places and
caused local abrasion of the outer 2.5 layers of hoop fibers. Based upon the
assumption that the 2.5 locally damaged hoop layers were ineffective in carrying

hoop loading, the resultant safety factor at a MEOP of 860 psig was shown in Table III.

2. DAMAGED JOINT

There were three clevis legs on the forward segment that were damaged in
the process of handling the case. The worst clevis leg was displaced 0. 20 in.
radially outward (Figure 19). Cracks progressed axially ahout 1.5 in. from the

hole at the end of the saw cut between shims. The immediate area around the cracks
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CRACKED AND CRAZED AREA

R

YL bk o dondondmdnda)

DISPLACED CLEVIS LEG

20171-15

(U) Figure 19. 156-8 Damaged Clevis Legs
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was crazed. The cause of the damage could not be traced, but it is felt that the
problem was due to improper installation of the rounding rings. The rounding screws
left indentations in the glass behind the shim where the rubber replaced the hoop wind-
ings. The rounding ring screws had very small contact pads and were apparently over-
torqued to round the loaded segment. This condition in combination with an axial

force from a rounding ring probably caused the damage.

It was felt that the pin should be removed from the damaged clevises because
the extent of the fiber damage was not known. An orthotropic finite element analysis
was used to analyze the pin removed condition (Figure 20). The input contained
material properties in three directions for the glass steel composite, glass rubber
composite, and the glass composite. Boundary conditions were the following: side
one, free in the Y direction and fixed in X direction; side two in the area of the pins,
fixed in the Y direction with a deflection in the X direction equal to the hoop deflection;
side three, free in the Y direction with hoop deflection input in the X direction; side

four, free in the X direction with a case load of 25, 000 psi in the Y direction.

It can be seen from the graph in Figure 20 that a high stress exists at the
end of the cracked area. Stresses of that magnitude are unacceptable and, there-
fore, a pin must be added to the damaged clevis leg. If an undersized pin were
inserted, the pin load would be reduced to a level that the damaged clevis could

accept.

Several computer runs were made using different pin boundary conditions.
After examining the information, it was felt that the optimum combination would be
a 0.080 in. undersized pin in the damaged shim and a 0. 010 in. undersized pin in
the two adjacent clevises. This would result in 36 percent of the nominal load in
the damaged clevis. From Figure 20 it can be seen that the effects of the under-
sized pins cannot be detected on the fourth clevis on either side of the damaged area.
The clevis legs adjacent to the damaged clevis accept 122 percent of the nominal
load. This condition did not affect the joint strength as static test pressure was

considerably below the design pressure.
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(U) A finite element analysis was conducted reducing the material properties
in the areca of the cracks to account for resin crazing. This analysis indicated that
it may be possible to accept the load induced by pin removal. Since the amount of
damage in the clevis leg was not known, the possibilily remained that the damaged
clevis might fail during firmg. If the clevis did fail, there was a good chance that

the joint would accept the siatic firing load.

V) It was felt that using undersized pins minimized the risk. A summary of

the loads and safety factors is shown in Figure 21,

(U) 3. AFT SKIRT REPAIR

E
o
o
s
E

(L) The aft skirt railed during motor assembly in the test stand. Prior to skirt
failure the motor was supported by jacks and fore and aft trunnion supports shown
in Figure 22. As the load was removed from the jack supports,the skirt case junction
separated as shown in Figure 23. 'The total load was not removed from the jacks
until the amount and cause of the damage could be assessed. After investigating the
cause and type of damage, it was apparent that the motor could not be fired without

repairing the skirt or supporting the motor in a different manner.

(v The failure occurred in the skirt laminate and not between the laminate and
rubber shear ply. Fore and aft movement of the skirt relative to the case was
detected on the outer surface of the case. The 2.5 layers of hoop at the forward end

of the skirt were buckled and had separated from the skirt in many areas.

8] The failure of the skirt was caused by a combination of compressive loads
and interlaminar tension, TFigure 24 shows the static reaction loads on the case.
The shear load from the case tends to be transferred through the rubber shear ply
into the skirt. The shear deformation in the rubber changes the load distribution in
the skirt from a pure cosine shear distribution to a cosine normal load distribution
supported by shear as shown in Figure 25(A). Taking a section of the skirt as a

ring it can be seen that the top 90 deg of the ring is in compression, and has the
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DAMAGED SHIM —~— —
DAMAGED AREA —
©—]
MEOP = 860 PSI
BOUNDARY CONDITIONS
A&B A AX = 0.080
E&F A AX = 0.010
LOCATION TYPE OF STRESS | ¢ ACT (PSI) | o ULT (PSI) S.F. NOTES
A - PIN BENDING 123,000 270,000 2.20*% [36% OF AVG PIN LOAD
B - SHIM BEARING 89,400 317,000 3.54 36% OF AVG PIN LOAD
C - GLASS SHEAR 28,000 50,000 1.78 COMPOSITE STRESS
D - GLASS TENSION 67,000 84,000 1.25 COMPOSITE STRESS
E - SHIM BEARING 289, 000 408,000 1.42 122% OF AVG PIN LOAD
F - PIN BENDING 239, 000 270.000 1.13% [122% OF AVG PIN LOAD
G - SHIM BEARING 254,000 412,000 1.60 108% OF AVG PIN LOAD
H - PIN BENDING 208,000 270,000 1.30% | 108% OF AVG PIN LOAD

*STRESSES BASED ON YIELD

20171-18

(U) Figure 21. Stress Summary
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(0)

(U)
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RO — R

free deflection shape shown in Figure 25(B). The case forces the lower half of the
ring to remain round with the deflection shape shown in Figure 25(C). The case
also tends to force the top of the ring to conform to the case shape, thus inducing

tension forces in that area.

During hydrotest resulting in failure of the forward skirt, the inner 29 percent
of the skirt was observed to have been delaminated during fabrication. The forward
skirt was replaced but the aft skirt remained unchanged. This existing delamination
of the skirt in combination with compressive and interlaminar tension caused the aft

skirt failure.

The motor could not be fired without repairing the skirt or supporting the
case in a different manner. The top of the skirt was unbonded to the case thus reduc-
ing its moment carrying capability. If the delamination progressed as further load

was added to the skirt, the moment would tear the skirt from the case.

Several schemes of additional motor support were investigated. Additional
support would have to accommodate the case axial and radial growth and support
both vertical and transverse loads. A support system of this type would be costly

and time consuming.

The other method investigated was repair of the aft skirt to case attachment.
A glass cloth overwrap was determined to be the best method of repair. Several
resin systems were investigated and several panel specimens were fabricated and
tested to determine process parameters and bond strength. Results of these tests

are shown in Tablé VII.

First the case was raised so the skirt could be returned to its original
position. The surface was disc and belt sanded and cleaned with MEK (Figure 26).
In some places the 2.5 layers of hoop wrap were removed in order to get good bond

strength,

A 0.030 in. V-45 rubber shear ply was bonded to the case with UF-1149 and
vacuum bag cured. A gel coat of UF-1149 was then applied to the rubber and allowed

to cure for six hours. Eleven layers of 15 in. No. 181 E glass were handwrapped
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TABLE VII

(U) SKIRT REPAIR DATA

ERL-2795/ ERL-2795
DNP 30-6/ PHR TETA/12PHR
Resin Content (percent) 50 50
Tensile Strength (psi) 36, 350 41, 150
35, 900 42, 600
317, 900 38,430
Flexural Strength (psi) 54,500 50,100
51, 020 53, 720
51,220 50,440
Interlaminar Shear, 13, 700 15, 500
Short Beam (psi) 14,500 15, 200
13,500 15, 300
Interlaminar Shear, 713 988
Notched (psi) 971 1,110
Time to Resin Gel,
1 gal., 80° F (hr) 2 0.5
Time to Resin Cure,
Shore A-70 (hr) 23 22
Exotherm Temperature,
1 gal. (°C) 150 170
SPECIMEN 1
Description Layup
1. Single Lap Shear 1. Skirt section
2. Shear Area, 1by 0.75 in, 2. UF-1149
3. V=45 rubber, 0.030
4. UF-1149
5. Cured pancl
Shear Stress
(psi) Comments
1. 613
2, 655
3. 485
4. - Not bonded due to skirt
section curvature.
SPECIMEN 2
Description Layup
1. Single Lap Shear 1. Cured glass panel
2. Shear Area, 1by1 in. 2, UF-1149
3. V=45 rubber, 0,030
4. UF-1149 gel coat, 6 or
24 hr cure
5. 20 layer layup of cloth
and resin
Gel Coat Shear Stress
Cure (hr) (psi) Comments
1. 6 508 Failure of UF-1149
2, 6 430
3. 6 467 Failure at bondline
4. 6 468
5. 24 258
6. 24 228 No bond between fully
7. 24 213; cured UF-1149 and layup
8. 24 295
J
55
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36, 900
33, 300
36, 000
45, 800
46, 600
47, 800
13,500
13, 000
12,500
906
996

0.5
14.5
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Deseription
Single Lap Shear
2, Shear Area, 1 by 1 in.

Step No. 2

MEK
MEK
MEK
MEK
6 Hr Gel Coat
6 Hr Gel Coat
G Hr Gel Coat
6 Hr Gel Coat

Description

Single Lap Shear
Shear Arca, 1 by 8 in.

[N,

TABLE VIT (Cont)

(U) SKIRT REPAIR DATA

SPECIMEN 3

Lavup

1. Cured glass panel
2. Surface sanded and cleaned with
MEK, or a 6 hr gel coat of UF-1140
3. 20 layer layup of cloth and resin
Shear Stress
{psi) Comments
1,310
1,530 Gel coat not required
1,710 between layers of glass
1, 365
456
554 Results similar to
593 Specimen 2
467

SPECIMEN 4

[
DA

[ I

Axial Load (Ib)

AN

Description

Double Lap Shear
. Shear Area, 1by1 in,

[l

UF-1149
Thickness (in.)
0.005
0. 005
0,005
0. 003
. 005
. 032
. 032
. 032
0.032
0.032
0.060
0,060
0.060
0. 060
0.060

(=~ =~ =]

1,570
1, 640
1,580
1,725

SPECIMEN 5

Lavup
Cured glass panel
UF-1149
V-45 rubber, 0.030
UF-1149 ge!l coat, 6 hr cure
20 layer layup of cloth and resin

Comments

About 10-20 percent voids
due to air pockets

Lavup
1, Steel bonded to V-45
2, UF-1149
3. Cured glass panel
4. UF-1149
5. Steel bonded to V-45
Failure Location
Stress (psi) Glass or Metal Side
535 Glass
527 50 Percent Glass
420 Glass
Ald 50 Percent Glass
415 50 Percent Glass
600 Metal
780 Metal
488 Glass
572 Glass
&92 50 Percent Glass
Ty Metal
820 Metal
790 Metal
862 Metal
810 Metal
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over the gel coat and vacuum bag cured (Figure 27). The resin system used was
ERL-2795/DMP-30/6 PHR. The glass was sanded and 11 more layers wrapped and
vacuum bag cured. This process was repeated to obtain four layups of 11 layers or

a total of 44 layers of glass.

In analyzing the repaired skirt it was assumed the original bond transfers no
load. This assumption yields a degree of conservatism to the analysis. The follow-
ing glass (181 E) moduli and strengths were used in the analysis and strengths were

verified by tests,

Angle Tensile Compressive Shear
of Loading Modulus Strength Strength Strength

(deg) (psi) (psi) (psi) (psi)

0 3,320,000 35,000 - -

90 3,210,000 33,000 - -

0 3,280,000 - 35,000 -

90 3,140,000 -- 29,600 -
0 and 90 570,000 - - 9,180

The Gen Gard V-45 rubber has a shear modulus of 350 psi and « shear strength of

500 psi; UF-1149 shear strength is 400 psi.

The most severe loading condition was considered to occur before firing, and
the compressive bias on the rubber was expected to strengthen the case during firing.
However, the case to skirt overwrap developed five longitudinal cracks during firing.
The aft skirt continued to support the load and did not fail. Analysis of the overwrap

failure is included in Volume II under the static test section.
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() Shown below is a summary of the repair ring calculated stresses and safety
factors,
Direction
of Type of Stress Safety
Material Stress Loading Stress (psi) Factor
181 Glass Axial Moment Tension or 510 Large
Compression

181 Glass -- Vertical Shear 1,780 5.16
Shear

181 Glass Hoop Vertical Tension 21,000 1.67
Shear

181 Glass Hoop Case Tension 16,000 2.20
Expansion

Rubber - Moment Shear 150 3.34 1
Case ;
Expansion

Rukbher - Vertical Shear 140 3.587
Shear 1

UF-1149 - Moment Shear 150 2.67 :i‘
Case :
Expansion 3

UF-1149 ~- Vertical Shear 140 2.86
Shear

Allowable Load

) NOTE: Safety Factor =
Actual Load
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SECTION IiI

JOINT SEAL DESIGN AND FABRICATION AND TESTING

A, DESIGN CRITERIA

The case segment seal was designed to seal the case at the maximum MEOP
of 880 psig specified in the contract technical requirements. The design was planned
for seal manufacture by conventional methods.

The seal had to be embedded in the insulation since the fiberglass case
surfaces are porous. The seal design was required to withstand 1.4 in. case
deflection and the 0, 015 in. longitudinal movement in the joint areas as demonstrated

in two hydrotests under Contract AF 33(657)~11303.

B. DESIGN

The joint seal had a "U" configuration as shown in Figure 28, It was designed
to be pressure actuated; however, to insure sealing at initial low pressures and to
compensate for necessary wide tolerance in the seal and insulation, the seal was
designed to be in compression. A wire spring was placed within the seal ring to
insure that, in the nonpressurized state, the seal leg surfaces would be in contact
with the insulation surfaces. The seal ring and spring when assembled had an axial
width between 0. 0674 and 0.770 inch. The cavity in the insulation had an axial depth
between 0.592 and 0. 637 inch. Therefore, the seal-spring combination was between

0.037 and 0. 178 in. larger than the cavity.

The design provided a 0. 125 in. thick nylon backup ring which impressed
0.030 to 0. 070 in. into the insulation in the tongue side upon segment assembly.

The nylon backup ring restricted the seal from extruding between the softer NBR

joint insulation material.
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Because a smaller silicone rubber seal of approximately the same configuration
is used successfully in the Minuteman motor adjacent to case-closure threads, much

confidence was placed on the seal and general design.
1. MATERIAL SELECTION

The material selected for fabrication of the seal was neoprene rubber per
MIL-R-417. The seal had a vulcanized splice joining the end to form a ring
(Figure 28). Nylon was selected for the backup ring because its elongation is com-
patible with the circumferential growth of the case. The properties of nylon are given
in Table VIII. Selection of bonding materials was based on experience and test results

given in Section VI-A,

2. STRUCTURAL ANALYSIS

An analysis of the seal rings in both the 156 in. motor and the subscale motor
has been completed using a finite element computer program. This program is
capable of calculating the stresses, strains, and displacements in any three dimen-
sional axisymmetric body of revolution. The input was generated by dividing the
generating surface of the body of revolution into a finjte number of quadrilateral
elements which intersect at node points. Arbitrary values of pressure and shear
may be applied on any surface of each quadrilateral; boundary displacements may
be input at each node point; and arbitrary temperature and body forces may be input

for each quadrilateral.

For this analysis, the seal ring and insulation in the area of a joint were
analyzed. The minimum expected burst pressure (1, 100 psi at that particular time)
was input along the internal surface of the insulation, within the slot leading to the
seal ring and on the internal surface of the seal ring. Since the slot was filled with
an extruded vacuum compound which has a high viscosity, the pressure was assumed

to be transmitted along the slot with no pressure loss.
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TABLE VIII

(U) PROPERTIES OF NYLON

Physical Properties*

Density (Ib/cu ft)

Tensile Strength (psi)
Compressive Strength (psi)
Flexural Strength (psi)
Elongation (%)

Hardness (Rockwell B)

Thermal Properties*

Thermal Conductivity (Cal/sec/cm2-° C/cm)
Specific Heat (Cal/gm-° C)
Thermal Expansion (in. x 10~5/° C)

Method of Installation

Bonded in place with UF-3195.

*Nominal values.,
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The legs of the seal ring were initially held in contact with the insulation by
a steel spring. It was therefore assumed that no pressure entered the interface

between the insulation and seal ring.

Radial deflections obtained from extensometer and strain gage readings
during hydrostatic test of a 156 in. case were extrapolated for a pressure of 1, 100
psi giving a radial increase of 1.4 inches. Thisdefleclion wasinput at the insulation

nodes adjacent to the case in the 156 in. motor.

Since steel shims were embedded in the clevis and tongue of each segment
joint, the axial growth in the case near the joints was considered negligible. How-
ever, the segments could separate during case pressurization due to the tolerance
of the connecting pins. Therefore, an analysis was conducted to determine the
effect of a 0.015 in. separation of two segments. It was found that the insulation
is nearly in a hydrostatic compression stress field. Since the pressure in the void
between insulation segments resulting from case segment separation was negligible
as compared to the 1, 100 psi compressive stress field in the insulation, the insulation
filled the void a short distance from the case. Thus the effect of case axial move-

ment was dissipated before reaching the insulation in the area of the seal ring.

The insulation was an asbestos filled NBR (V-44) which had a Shore A hardness
of approximately 80 and a minimum elongation of 200 percent. This indicated a
modulus of approximately 750 psi. Since the insulation was nearly incompressible,
a Poisson's ratio of 0.5 was used. The seal ring was made of a neoprene rubber
which had a modulus and Poisson's ratio approximately the same as the insulation

(Shore A hardness of 80).

Figure 29 indicated the change in shape of the seal ring and surrounding
insulation. The solid line represents the original geometry and the broken line
represents the superimposed geometry after pressurization with the case used as
a zero displacement reference point. The apparent decrease in volume of the
insulation after pressurization was not experienced since the radii of the case and
insulation increase with pressure. The upper portion of the seal ring (point 1) is

displaced 0.022 in. in a direction parallel to the motor centerline while the lower
65
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portion (point 2) is displaced 0. 010 in. in the opposite direction. Thus the maximum

axial expansion of the seal ring was 0. 032 inch.

The maximum strains within the seal ring were as follows: radial strain,
-6 percent (compressive); hoop strain, +2 percent (tensile); axial strain, +4
percent (tensile). These were well within the capability limits of the seal. The
minimum compressive stress appearing within the seal is 1, 056 psi. This is a
44 psi (4 percent) decrease in axial stress and appears near the nylon ring. This
loss was attributed to the fact that the insulation is bonded to the case which prevents

axial movement of the insulation.

3. THERMAL ANALYSIS

The joint insulation was designed for no temperature rise at the seal during
static test. The bulk of material in the area of the joint was to provide for the seal
seating. The material loss was predicted to be 3.2 mil/sec resulting in 2 maximum

expected loss of 0.375 in. of material. This material loss is shown in Figure 28.

It resulted in erosion back tc the first step of the doukle step joint. This left 0. 95 in.

of insulative material protecting the seal at end of firing,

C. SUBSCALE JOINT DEVELOPMENT

1. SUBSCALE SEAL DESIGN

The design of the subscale test vessel was such that the circumferential
strain in the seal would duplicate as closely as possible that of the full scale case,
and other displacements would be insignificant. Therefore, the subscale test
assembly (Figure 30) consisted of two segments of a fiberglass cylinder joined near
the center with an insulation joint of the same general cross sectional conf iguration
and size as the 156 in, diameter motor. This assembly included the same cross

sectional nylon backup ring and an Epocast filler section which simulated the hoop
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windings next to the clevis joint of the full scale motor case. The test installation
was enclosed in the DU 1020-01 case and the two sections bolted together at the
center. The DU 1020-01 case was purposely not sealed so that sealing of the sub-
scale joint only would be tested. The fiberglass cylinder was supported and sealed
at each end only, leaving the test joint free to move radially 0. 14 in. before being
restrained by the relatively rigid steel DU 1020-01 case, thus insuring that the
maximum hoop strain in the joint seal area would be that of full scale joint. Exten-

someters were installed to indicate the radial movement of the joint.

Figure 31 shows the insulation and seal ring deflections for the subscale
motor. During hydrotests this motor was placed inside a steel case which had a
radius 0. 140 in. larger than the radius of the subscale motor. This increase was
used as a radial deflection of the case in the analysis and was subtracted from the

deflections before plotting the displaced configuration in Figure 31.

Of particular importance in this analysis was the effect of radial growth on
the deflections within the insulation. Because this test vesscl had a smaller radius
but the same insulation cross sectional dimensions as the 156-8 motor, the cffect
of radial expansion was greatly magnified. The total longitudinal expansion between
points 1 and 2 was 0,059 inch, Therefore, it was concluded that after a successful
demonstration of the seal in the suhscale motor, no difficulty would be experienced

in the full scale motor.

The maximum strains in the subscale seal ring were as follows: radial strain,
-8. 8 percent (compressive); hoop strain, 3 percent (tensile); axial strain, 6.1 percent

(tensile). The minimum compressive stress appearing within the seal was 1, 056 psi.

The above analyses assumed that no pressure was initially introduced into
the interface between the seal ring and the surrounding insulation. A wire spring
was placed within the seal ring to assure that in the nonpressurized state the surfaces
are adjacent. The seal ring and spring, when assembled, had an axial length between

0.674 and 0.770 inch. The cavity in the insulation had an axial length between 0. 652

and 0. 622 inch. Therefore, the ring-spring combination was between 0. 022 and 0. 148 in.
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larger than the cavity and was therefore in a state of compression before motor

pressurization similar to that of the full scale joint.

2. SUBSCALE FABRICATION

The basic joint insulation and fiberglass sleeves were fabricated on a mandrel.

The mandrel consisted of a wood and mesh core which could be removed by destruction.

Over this core, plaster was screeded to the proper contour. After oven drying, the
plaster was covered with Teflon tape as a release material. The Teflon tape was
then coated with a mixture of 30 percent MEK and 70 percent Caram 216 to provide
precure tackiness. The insulation consisted of asbestos filled NBR (same as full
scale motor insulation) sheet stock on the prepared mandrel using standard layup

procedures after which it was hydroclave cured.

The OD of the cured insulation was then machined to the desired configuration

to accept the nylon ring and Epocast filler section.

A 0.090 in. wide slit was made longitudinally in the insulation joint section
to simulate the insulation joints in the full scale motor. This slit was cleaned and

filled with UF-3195 and cured at ambient temperature.

The nylon backup ring was grit blasted and bonded in place with UF-3195.
The cavity of the filler section was then lined with uncured Buna-N. The filler section
of Epocast 31D was cast and cured. The Teflon expansion slit formers were removed
and the voids filled with UF-3194. An uncured layer of Buna-N rubber was then bonded
to the OD of the mandrel to simulate the bladder and to provide a surface to accept the

glass wrapping.

The assembly was then wrapped with a sequence of hand wrapped fiberglass
cloth (style 143 wet wrapped) with USP E717 resin and machine winding of preimpreg-
nated rovings., Upon completion of the winding, the part was B staged and then oven
cured. Following the cure the sleeves on the mandrel were parted by machining and

sawing. The mandrel was then removed.
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The sleeve assemblies were installed in the steel cases and centered in the
aft end of the case with a centering tool. A strip of V-45 was bonded over the inside
forward end of the cylinder and to the case with UF-1149, The UF-1149 was cured
for 16 hr at 80 + 20°F. With the cases in the vertical position, UF-3177 was poured
between the OD of the cylinder and the case wall to the required level to bond the

forward end of the fiberglass cylinder to the case wall and ambient cured.

The joint seal configuration was machined to blueprint configuration with

cutting heads which would be used on the full scale motor.

The neoprene channel seal was fabricated at the vendors facility in the same
manner as the full scale motor seal. It was extruded from a die in a long strip and
cured, then cut to the proper length, and the ends vulcanized together to form a ring.
The spring was fabricated from off-the-shelf steel wire tension spring. The ends

were brazed together to form a ring.
3. SUBSCALE TESTING AND DATA ANALYSIS

The objective of the subscale tests was to verify the design, fabrication, and
assembly techniques for the full scale motor segment joint seals. The testing was
performed in accordance with Test Plan TWR-1425. The test assembly was shown

in Figure 30.

Instrumentation consisted of a pressure measurement and two extensometers
measuring radial displacement of the joint section relative to the steel case. Instru-

mentation was recorded continuously throughout each pressure cycle.

The assembly was submitted to three tests. Each test consisted of the follow-
ing steps.
Assembling the vessel.
Pressurization to 100 psig.

Checking for leaks.

w W N -~

Pressurization to 1, 100 psig and holding for 120 seconds.
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Depressurization.
Pressurization to 1, 100 psig and holding for 120 seconds.
Depressurization.

Disassembling.

©w o0 0 O

Inspecting.

In the assembly for the first test (Figures 32 and 33 ), the seal was lubricated
with PBAA. In assembly for the second two tests, the PBAA lubricant was used in the
same manner; however, the joint gap was also potted with W. P. Fuller vacuum bag

compound No. 3992 in the same manner which the 156-8 joint was potted for static test.

The test was an unqualified success No leakage occurred during the hydrotest.
As can be seen in Figures 34 and 35, the extensometers measured 2 radial displace-

ment of up to 0.14 in., representing a circumferential strain of 0.14/7.3 = 0.0192 in. /in.

These data were typical of all three tests. An earlier test of the full size case
measured a maximum radial deflection in the joint of 1.34 in., representing a
circumferential strain of (1.34/78) (1, 100/1, 000) = 0. 0188 in. /in., thus the sub-
scale test was considered as successfully and closely duplicating the actual full
scale case strains. A difference existed in the indicated growth at D001 (female
joing) and D002 (male joint). This difference was actually due -to the gap between
the fiberglass sleeve and the DU-1020 case variation. Calling attention to the com-
pressive marks near the outside perimeter of the insulation (Figure 36), the pattern

qualitatively substantiates the results of the stress analysis.
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SECTION 1V

INSULATION
A, DESIGN

1. DESIGN CRITERIA

The internal case insulation was designed to assure that the structural

integrity of the case would not be degraded by the thermal effects of the chamber

environment throughout motor operation.

2. MATERIAL SELECTION

The insulation materials selected for use in the 156-8 motor are as follows.

Silica cloth phenolic (MX2600) was selected for use in the aft segment where

the gas velocity is above Mach 0. 12. In other areas of the aft segment dome the

insulation material was asbestos-filled NBR (V-44).

The insulation material used for the segment joint areas on all segments

and as the headend insulator was asbestos-filled NBR., The case bladder material

was silica-filled NBR (V-45).

The selection of these-materials was based on the following considerations.

1,

Proven performance in solid propellant rocket
motors.

Proven fabrication techniques.

Proven installation techniques.

Compatibility with the joint seal design.
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The V-45 material was selected as the bladder material because its con-
sistency insured a positive seal to prevent leakage through the fiberglass case wall,
It also served as an insulation for a short period of time (approximately 5 sec)

during tailoff.

3. INSULATION DETAILS

The silica-filled NBR bladder covered the entire inner surface of each case
segment and was used to insure pressure-tight case segments. Relief flaps wereincluded
at the propellant grain ends of each case segment to relieve any stresses imposed on
the propellant grain during cure, cooldown, storage, transportation and test. The

gaps between relief flaps and primary insulation were unfilled.

Asbestos and silica-filled NBR insulation covered the flame exposed areas
of the bladder lined case and protected the case from degradation due to heat. The
thickness of the insulation was contoured so that it is proportional to flame exposure
time. Insulation details are shown on Drawings 7U37320, 7U37321, 7U37322, and
7U37323.

The design nominals of compositions and physical and thermal properties of

insulation materials are given in Tables IX thru XII.
4. FORWARD DOME INSULATION

The asbestos-filled NBR insulation in the forward dome of the forward seg-
ment varied in thickness from 0.80 in. at the igniter port to 0. 10 in, at the cylinder-
dome tangent point, The insulation extended 4 in. onto the cyclindrical section, The
forward relief flap extended from the propellant grain internal diameter to a diameter
of 140 in, which was 2/3 of the web thickness measured along the dome contour.

This flap relieved stresses in the dome area, The flap thickness was 0.2 inch.
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TABLE IX
(U) CASE BLADDER

(Generic Name: Silica-filled NBR, Gen Gard V-45)

Physical Properties*

Density (lb/cu ft)
Tensile Strength (psi)
Elongation (%)
Hardness (Shore A)

Thermal Properties**

Thermal Conductivity (Btu/sq ft-hr-° F/ft)
Specific Heat (Btu/1b° F)
Assumed Ablation Temperature ( F)

Method of Fabrication

Autoclave cured as 0. 060 sheet stock

Method of Installation

Bonded in place with UF-3119

*Values represent minimum value used for design purposes.
**Nominal values,
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TABLE X
(U) CASE INSULATION

(Generic Name: Asbestos-filled NBR, Gen Gard V—44)

Physical Properties*

Density (Ib/cu ft) 80
Tensile Strength (psi) 1, 600
Elongation (%) 200
Hardness (Shore A) 80

Thermal Properties**

Thermal Conductivity (Btu/sq ft-° F-hr/ft) 0.10
Specific Heat (Btu/Ib° F) 0.42
Assumed Ablation Temperzture { F) 800

Method of Fabrication

0.100 sheet stock, hand laid up in mold and autoclave cured.

Method of Installation

Bonded in place with UF-1149

*Values represent the minimum values used for design purposes.
**Nominal values,
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TABLE X1

(U) INSULATION RING

(Generic Name: Silica Cloth Phenolic, Fiberite MX2600)

Physical Properties*

Density (Ib/cu ft)

Tensile Strength (psi)
Compressive Strength (psi)
Flexural Strength (psi)

Hardness (Barcol)

Thermal Properties**

Thermal Conductivity (Btu/sq ft-hr-° F/ft)
Specific Heat (Btu/1b-° F)
Assumed Ablation Temperature  F)

Method of Fabrication

Tape wrapped and hydroclave cured.

Method of Installation

Bond in place with UF-3195.

*Values represent minimum design values.
**¥Nominal values.
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14, 000
18, 000
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TABLE XII

(U) INSULATION EROSION RATES

Predicted Erosion Test Data

Motor Location Material Rates (mil/sec) Source*

Head End and Silica filled NBR,

Segment Joints Asbestos filled NBR, and

Igniter Cap Mastic (TI-H704B) 2to 4 1,2,3,4,5

Aft End Asbestos filled NBR 10 to 30 1,2,8,4,5
Mastic 12 to 35 1,2
Silica phenolic 9 to 13 2,4
Carbon fiber NBR phenolic 3to6 2
Graphite phenolic 3to6 2

*Test Data Source:

1.

Thiokol Chemical Corporation (Space Booster Division),
Contract AF 04(695)-351.

Thiokol Chemical Corporation (Wasatch Division),
Contract AF 04(695)-363.

Lockheed Propulsion Corporation, Contract AF 04(695)-364.
United Technology Corporation, Contract AF 04(695)-156.

Aerojet-General Corporation, Contract AF 04(695)-350.
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5. AFT DOME INSULATION

The aft dome insulation consisted of a tape wrapped, silica cloth, phenolic
ring adjacent to the aft dome-nozzle joint and asbestos-filled NBR in the remainder
of the dome area. The premolded silica cloth phenolic was used in the aft dome
area to withstand the high gas velocity (above Mach 0. 12) in the area during motor

firing.

The asbestos-filled NBR insulation in the aft dome extended from the pre-
molded insulation forward and 4 in. onto the cylindrical section. Thickness of the
insulation varied from 4,00 in. at the interface with the premolded insulation down
to 0.10 inch. The dome relief flap was 0.20 in. thick and extended from the propel-
lant grain internal diameter to a diameter of 140 in. which was 2/3 of the web

thickness measured down the dome contour.

6. JOINT INSULATION

a. Aft End (Clevis Portion)--The clevis portion of each of the two joints at the aft

ends of both the forward segment and the center segment was insulated with asbestos-
filled NBR from the center of the joint forward to a position 4.0 in, forward of web
burnout., The insulation tapered from 2, 10 in. thickness over the joint to 0. 10 in.

at the forward end. The split flap insulation at the aft end of the forward segment
and at the aft end of the center section extended forward from the propellant surface

for 20 in. (1/2 of the web thickness) and was 0.20 in, in thickness.

b, Forward End (Tongue Portion) ~-The tongue portion of each of the iwo joints at

the forward ends of both the center segment and the aft segment was insulated with
asbestos-filled NBR from the center of the joint aft to 4.0 in. beyond the web burnout
area. The insulation was 2, 80 in. in thickness over this portion of the joint and
tapered to 0. 10 in. in thickness at the aft end. The relief flap at the forward end

of the center s:gment and at the forward end of the aft segment was 0, 20 in. in
thickness and extended aft from the propellant face for 20 inches.
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7. DESIGN DETAILS

a. Insulation Erosion Rates--A compilation of data from previous programs both

at Thiokol and other companies has yielded correlations between material loss rates
and various other parameters. For asbestos-filled NBR, it was shown that the
material loss rate correlates closely with gas velocities (Mach number). Figure 37
shows the relationship between the erosion rate of NBR insulation and Mach number.
The erosion rate of silica phenolic correlates closely with the enthalpy convective
heat transfer coefficient (Figure 38). General erosion rates for various areas of

rocket motors were given in Table XII.

b. Insulation Thickness Requirements--The thickness requirements were determined

by multiplying the predicted material loss rate by the time of exposure and multiplying
by a safety factor of 1.5 to allow for variations in materials, propellant gas properties,
and insulation thickness tolerances. Additional material was added to provide ther-
mal insulation to the case walls after web time. This additional material thickness,
0.2 in, for areas of maximum exposure to combustion gases and 0.1 in. in other
areas, gave an additional margin-of-safety. Based on previous data, a material loss
rate of 3.2 mils/sec was selected as an erosion rate for the forward dome and joint

areas.

The designed material loss rates in the aft dome were obtained from a com-
bination of heat transfer and flow analyses in conjunction with the correlations
presented in Figures 37 and 38. Figure 39 shows the relationship between motor
location and parameters necessary to determine the material loss rate shown on

Figure 40.

¢. Structural Requirements--The thermal stress analysis of the silica cloth phenolic

ring insures that it will withstand stresses induced during the motor test. The ring
is considered to be acted on by two sets of loads, internal case pressure of 1, 200 psi
and a temperature gradient of from 5,400 to 870°F between the initial surface and

0.3 in, from the surface. The internal case pressure resulted in 2 maximum stress
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EROSION RATE (MIL/SEC)
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/
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CONVECTIVE HEAT COEFFICIENT, h/Cp (LB/SQFT-SEL)
20171-37

(U) Figure 38 .

a Function of Heat Transfer Coefficient

Predicted Erosion Rate of Silica Cloth Phenolic as
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P e |

| EXPOSURE TIME PREDICTED MAT'L} PR
INSULATION WEB BURN [EFFECTIVE LOSS RATE MA
SECTION! MATERIAL LOCATION, IN, SEC SEC MIL/SEC
A-A V-44 13.0 RAD. 120 3.2
B-B V-44 41,48 RAD. 110 120 3.2
C-C V-44 Fwd dome line Tailoff 3.2
D-D V-44 [39.22 fwd of Tailoff 3.2 ]
prop. face _
E~-E V-44 19.61 fwd of 60 3.2 ;
prop. face ;
F-F V-44 3.27 fwd of 110 120 3.2 %
prop. face
G-G V-44 Center of slot 120 3.2
H-H V-44 3.27 aft of 110 120 3.2
prop. face
J-J V-44 19.61 aft of 69 3.2
prop. face
K-K V-45 Cyl. area liner | Tailoff 3.2
& bladder only
L-L V-44 7.5 aft of aft 4.0 3.2
dome datum
M-M V-44 50.93 RAD. 80 98.4 9.3 :
N-N V-44 40.00 RAD. 113 120 17.7 2
p-P Silica 37.00 RAD. 120 120 9.3 X
Phenolic ;
R-R Silica 31.5 RAD. 120 120 17.4 2
Phenolic

120 SEC
r i 110 SEC

e ~ 100 SEC
e — 90 SEC
= 80 SEC
~—— 70 SEC
Il — 0 sEC
50 SEC
~ 40 SEC

» 30 SEC
Tl 20 SEC
o sec

o0 oz H'.G—"‘
* Total thickness arrived at to meet desired contour and use of °

110 SEC

** 06" thick bladder and .085" thick liner provide thermal prote
all other areas these items not considered.
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TWR-2012
Revision A

15 February 1967

Z

MAT'L| PREDICTED |ADDED FOR 1.5 ADDED FOR INSUL DESIGNMN] TOTAL INSUL| COMBINED
I TE MAT'L LOSS|SAFETY FACTOR| THERM PROTECT| THICKNESS DESIGN THK.| SAFETY
IC INCHES INCHES INCHES INCHES * INCHES FACTOR
. 384 .192 .20 776 .80 2.08
384 . 192 .20 .{10 .80 2.08
.10 .100 .10
.10 .100 .10
.192 .096 . 145 .433 .50 2.60
. 384 .192 .20 .776 1.50 3.91
.384 .192 .20 776 2.10 5.47
.384 .192 .20 776 1.30 3.39
.192 . 096 .145 .433 .50 2.60
.09 .090 Xk "~ -
s .013 .007 .10 .120 .30 23.44
.915 . 458 .184 1.557 1.60 3.23
2.124 1.062 .20 3.386 3.50 2.47
1.120 . 560 . 365 2.045 4.00 3.66
2.090 1.045 .365 3.3500 3.55 2.57
P Rip
| i
i i 110 SEC
100 SEC .Tl_
90 SEG
c X 80 SEC M
SEC 70 SEC —
60 SEC =
;Gosissfsc 50 SEC
: a0 SEC 40 SEC
30 SEC 20 s':;CSEC
20 SEC ——
} rl. !:o SsEC L \- 10 SEC —;&_-;
Vo o + -
Fid use of .1'" stock.
fmal protection--
(U) Figure 40. 156-8 Insulation Design Thickness
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of 5,408 psi in compression at Point A, Figure 41, The thermal stress analysis
indicated a maximum stress of 7,540 psi at a point 0.3 in. from the initial surface.
Adding these two stresses directly, a maximum combined stress of 12,948 psi com-~
pression occurred. As the ring surface eroded, the stresses due to internal case
pressure decreased and conditions improved. A conservative value for the com-

pressive strength of silica cloth phenolic at 870°F is 15,000 psi.

d. Predicted Material Loss--More recent data and consequent design analysis

refinements resulted in better methods for predicting material loss in aft dome

areas than were available at the time the 156-8 was designed. Recent data showed
good correlation between heat flux (qy) and material loss rate for silica cloth phenolic
and between enthalpy heat transfer coefficient (h/Cp) and material loss rate for ashes-
tos-filled NBR. These correlations are shown on Figures 42 and 43. From flow and
heat transfer analysis, the relationship between q; and h/Cp and motor location was
determined (Figures 44 and 45. From these relationships, the predicted material
loss was determined and the resulting safety factor was calculated. The safety factor
column in Figure 40 is based on predicted material loss using the more recent design
analysis techniques. A profile showing the predicted erosion in the aft dome is

shown on Figure 46,

During installation of the insulation pieces in the forward dome and joint
sections, considerable voids occurred in the bond behind the large insulation pieces.
The design was changed in the aft dome insulation to reduce the voids. The change
consisted of providing 0. 125 in. bleeder holes drilled through the insulation on 12 in.
centers, The holes were driiled 45 deg to the chamber gas flow to minimize erosion

into the UF-1149 which would fill the holes during bleedout.

e. Insulation Weight Loss vs Time--The predicted insulation weight loss vs time

for the 156-8 motor is shown on Figure 47,
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Silica Cloth Erosion Rate vs Total Heat Flux
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B. FABRICATION

1. JOINT INSULATION

a. Mold Prenaration--The molds for fabricating the case segment joint insulation

were constructed in a 156 in. diameter autoclave. The autoclave was the center seg-
ment of the TU-412 (AF 156-1) motor with end closures and heating element. The
segment was positioned horizontally in the modular pallet and fitted with a cable-

winch assembly to provide 360 deg rotation.

A sweep template was fabricated which contained two configurations:
1. Contour of the ID of the clevis (female) joint area of
the 156-8 case where insulation would be installed.
2. Contour of the ID of the tongue (male) joint of the
156-8 case where insulation would be installed.
The sv.eep template, mounted from the modular pallet, was positioned in the TU-412
center segment so the template was spring loaded against the end of the segment
(Figure 48). Due to an out-of-round condition in the TU-412 segment, the template
had to be moved radially inward to provide clearance between the segment wall and
the sweep template. This reduced the circumferential length of the joint mold and
therefore necessitated addition of a makeup section mold in the middle of the TU-412

segment.

Plaster saturated hemp was applied to the segment wall at each of the two
sweep template contours. Plaster was applied on top of the hemp over a 45 deg arc
of the circumference. The plaster was swept to configuration and allowed to dry
slightly before proceeding to the next 45 deg arc. A 3 to 4 in. gap was left between
adjacent 45 deg mold sections to allow plaster runout and to provide an index point
for the template prior to sweeping. After completing the first two r{ng molds, the

template was set up at the opposite end of the TU-412 segment and a second set of
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mold rings wei'e {abricated. The gaps between each 45 deg section of the mold rings
were filled with plaster and hand blended to the mold configuration. Voids in the

plaster mold surface were filled and hand finished.

©) Since the sweep template had not been designed for sweeping molds onto the
center of the TU-412 center segment for the makeup sections, an alternate procedure
was required for fabricating the short plastier molds that had to be added. A 3 ft
section of each mold ring, at the segment ends, was covered with Teflon tape and a
hemp reinforced plaster model was cast on each section. After hand finishing, the

i models were covered with Teflon tape. Plaster was then cast onto the Teflon covered

models to duplicate the ring mold configurations. The short plaster molds were in-

stalled on the TU-412 segment wall on top of wet plaster. Three plaster cubes were

cast and bonded on the segment wall opposite the short mold sections to counterbalance

the segment (Figure 49).

() The plaster was dried for 12 hr at 135°F and then spray coated with three
coats of clear lacquer sealer. Each sealer coal was dried tack free before appli-

! cation of the subsequent coat.

(U) b. Insulation Layup and Vulcanization--Uncured asbestos-filled NBR (V-44) was

laid up in 90 deg sections on each plaster mold ring; thus, each ring (joint) insulator
was fabricated in four sections for ease of handling, both during layup and during

installation operations. Each short mold section was laid up separately.

U) Prior to the layup of each section, Teflon tape was applied to the surface of ﬂ
the plaster mold. The Teflon was coated with UF-3196 to provide a low strength
bond between the Teflon and the first layer of NBR insulation. The strength of this
bond was sufficient to support the weight of the 90 deg insulation section when it was
at the 12 o